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The high level of waste tyres in stockpiles has contributed tremendously to environmental 
pollution and global warming on daily basis. These tyres have also been known to serve as 
breeding sites for mosquitoes and other disease-causing microbes. Gasification has been identified 
as one of the alternate pathways that can be used to recover energy from waste tyres. In addition 
to the gaseous products (syngas), high-value solid products like carbon black, activated carbon and 
carbon nanotubes can also be obtained from the gasification of waste tyres. 
This study has evaluated the simultaneous production of syngas and solid carbon (activated 
carbon) in three different reactor configurations namely; fluidized bed, fixed bed and rotary kiln. 
A single stage gasification and activation process was employed in the production process by using 
Aspen Plus® software. This study also evaluated the effects of gasification parameters like the 
equivalence ratio (ER), the steam-to-fuel ratio (SFR) and the gasifier temperature (GT) on the 
gasification products from the three reactor configurations. The ER was varied from 0.18 to 0.38, 
the SFR from 0.1 to 0.25 and the GT from 700 oC to 1000 oC. BET analysis was used in the 
determination of the surface area of the activated carbon formed at the end of the char activation 
stage. 
The optimum conditions for the co-production process in the fluidized bed gasifier occurred at ER 
of 0.3, SFR of 0.2 and GT of 800 oC. At this condition, the fluidized bed gasifier has a syngas (CO 
+ H2) composition of 50.2%, gas yield of 4.81 Nm
3/kg, gas LHV of 6.29 MJ/kg, cold gas efficiency 
of 84.8%, 89.2 kg (2.02% AC to carbon in feedstock ratio) with BET surface area of 2236 m2/g 
and carbon conversion ratio of 97.8%. 
The optimum conditions for the co-production process in the fixed bed gasifier occurred at ER of 
0.3, SFR of 0.25 and GT of 800 oC. At this condition, the fixed bed gasifier has a syngas (CO + 
H2) composition of 51.76%, gas yield of 4.92 Nm
3/kg, gas LHV of 6.25 MJ/kg, cold gas efficiency 
of 85.9%, 0.53 kg (3.22% AC to carbon in feedstock ratio) with BET surface area of 822.25 m2/g 
and carbon conversion ratio of 96.8%. 
The optimum conditions for the co-production process in the rotary kiln reactor occurred at ER of 
0.3, SFR of 0.25 and GT of 800 oC. At this condition, the rotary kiln gasifier has a syngas (CO + 
H2) composition of 48.8%, gas yield of 4.91 Nm
3/kg, gas LHV of 6.05 MJ/kg, cold gas efficiency 
vii 
 
of 83.1%, 0.91 kg (5.56% AC to carbon in feedstock ratio) with BET surface area of 664.94 m2/g 
and carbon conversion ratio of 94.4%. 
A comparative analysis was also done for the three reactor configurations, from the results 
obtained, the fluidized bed reactor performed best for the waste tyre gasification production 
process of both syngas and value-added solid activated carbon product followed by the fixed bed. 
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1.1 Background of Study 
Greenhouse gas emissions from the combustion of waste tyres is a global challenge and contribute 
tremendously to global warming worldwide [1]. Waste tyres dumping (in landfills, stockpiles, 
roadsides etc.) as well as open combustion is no longer permitted in most developing nations 
hence, they must have a proper method of disposal to lessen their effect on the environment [1-3]. 
In 2007,  an estimate of about 60 million units (2.2 million tonnes) waste tyres were discarded 
across South Africa and extra 398,000 tonnes added to the stock pile just a year after [4]. In 2011 
alone, over 7 million new tyres were sold across South Africa where more than 50% were sold in 
Gauteng province alone. Most of the newly produced tyres have been projected to increase the 
present waste tyres that are discarded in landfills and stockpiles [5]. In 2017, close to 3 billion 
units of new tyres were produced and about 1 billion were disposed [6]. These tyres however must 
have proper disposal process in other to lessen their effect on the atmosphere [3].  
Worldwide concerns about the contaminants that are linked with waste tyres disposal had led to 
the quest for alternative technological pathways to reuse these tyres. These alternatives include: 
energy valorization, raw materials for building and construction process, asphalt processing in road 
surfacing, raw materials in footwear processing industry etc. [3]. Waste tyres have also been 
processed as fuel in the generation of electricity, in co-combustion processes such as coal-fired 
boilers and in oil production [3, 7]. The most notable objective for using waste tyres as fuel is 
basically to decrease their numbers in stockpiles and landfills which constitutes greatly to 
environmental pollution [5]. Nevertheless, these applications of waste tyres are still questioned as 
a result of the level of pollutant emissions. In 2012, according to the United States Environmental 
Protection Agency (USEPA), combustion of waste tyres generally emit around 6% of the burnt 
fuel as volatiles and solid particles. The government of South African recently passed a law that 
incorporates moves to convert waste tyres into socio-economic and environmental worth. Under 
this plan, tyre producers and importers pay a levy of $223.20/ton, plus 14% VAT for all tyres 
introduced into South African market [8].  
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One notable process that has been used in the thermal conversion of waste tyres for Tyre Derived 
Fuel (TDF) is waste tyre gasification. The use of TDF as fuel in most thermal cracking operations 
with very low emission of contaminants is a very suitable substitute in the market and allows the 
energy use of the wastes at reasonable costs and reduces the waste tyre disposal impact on the 
environment [9]. In the United States, 43% of waste tyres are used as TDF while other areas which 
constitute the remaining 57% include ground rubber, construction, water treatment filters, etc. [10, 
11].   
Gasification of waste tyres is defined as a process by which oxygen from air and/or steam are 
combined with grinded tyre to produce syngas (mainly carbon monoxide and hydrogen gas) with 
other by-products such as CO2, light hydrocarbons, tar and char in an endothermic reaction [12]. 
Waste tyre gasification is an attractive operation route because the gaseous products formed can 
be stored, transported, and it can be conveniently fed to boilers and combustors [13, 14]. Steam 
gasification can potentially produce syngas of higher quality however, conventional gasification 
process requires high temperatures to breakdown the feedstock and reforming reactions which will 
have significant impact on the overall efficiency of the process [15, 16]. Syngas produced from 
gasification processes have been used to power gas turbines, fuel cells and converted into other 
usable products as depicted in Figure 1.1 [17]. An important issue in the gasification of waste tyres 
is the syngas quality. Syngas of high quality is required in gas turbines and also in application as 
fuel cell for generating heat and electricity [18]. Carbon products from waste tyre gasification 






Figure 1.1 A complete gasification process for power and chemical production (Source: Bioroot 
Energy Inc. [21]) 
 
1.2 Problem Statement 
In 2011, around 4% rate of recycling waste tyres was reported in South Africa by Recycling and 
Economic Development Initiative of South Africa (REDISA). By 2014, REDISA reported a 19% 
rate of recycling of end of life tyres (ELT). Through REDISA and the Integrated Industry Waste 
Tyre Management Plan (IIWTMP), about 60% of discarded tyres have been recycled as at 2017 
[22]. This gap however is still very wide as regards the ELT recycling for South Africa when 
compared to European Union countries and United states with an average 96% and 96.9% 
recycling rates respectively [23-25]. 
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Several works [12-20, 26-50] on waste tyres gasification at both laboratory and pilot scale have 
been performed using mainly steam and plasma gasification techniques but with only few [12, 19, 
20, 35, 38, 41-44] of these studies report the co-production of syngas and high-value solid products 
from waste tyre gasification. 
The optimum conditions for the co-production of syngas and high-value solid products could be a 
function of the reactor configuration hence, there is need to develop a model that evaluate the co-
production of syngas and high-value solid products like activated carbon from waste tyre 
gasification using different reactor configurations. 
 
1.3 Aim and Objectives 
The study is aimed at the modelling and simulation of the co-production of syngas and activated 
carbon (AC) from waste tyre gasification in different reactor configurations and determine the 
optimum conditions for each of the reactor. In other to achieve this aim, the following objectives 
were considered: 
i. Development of a detailed process model that compares yield of the product gases and AC 
in three different reactor configuration which are the fluidized bed, fixed bed and rotary 
kiln reactors for waste tyre gasification. 
ii. Evaluation of the effect of equivalence ratio on the syngas composition, product yield, 
syngas efficiency, heating value, activated carbon and BET surface area from the three 
reactors 
iii. Evaluation of the effect of steam-to-fuel ratio on the syngas composition, product yield, 
syngas efficiency, heating value, activated carbon and BET surface area from the three 
reactors 
iv. Evaluation of the effect of gasifier temperature on the syngas composition, product yield, 
syngas efficiency, heating value, activated carbon and BET surface area from the three 
reactors 
v. Comparison between the syngas composition, product yield, syngas efficiency heating 
value, activated carbon and BET surface area from waste tyre gasification from the three 
reactor configurations (fluidized bed, fixed bed and rotary kiln reactors) 
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1.4 Research Hypothesis 
Changing the configuration of gasification reactor and varying gasification conditions such as 
equivalence ratio (ER), steam-to-fuel ratio (SFR), and gasifier temperature (GT) may have an 
impact on syngas production and value-added carbon product formation. 
 
1.5 Scope of Study 
This study is limited to simulation using Aspen Plus® of the gasification of passenger car waste 
tyre considering fixed bed, fluidized bed and rotary kiln gasification reactors. 
 
1.6 Justification of Study 
There has been a general drive towards the proper disposal of waste tyres, and this is due to high 
amount of waste tyres generated worldwide on yearly basis. When compared to tyre incineration, 
gasification of waste tyre creates syngas that could be used in the production of high-value 
products which include liquid fuels, electricity, hydrogen, ethanol, methane, fertilizers etc. [21]. 
Hence, the need to investigate the co-production of syngas and activated carbon from waste tyre 
through gasification is important. 
In addition, the application of these technological pathway will tolerate the energy valorization of 
waste tyres in South Africa thereby solving waste disposal glitches, creating jobs opportunities, 
reducing the harmful environmental effects related to both stockpile and landfill disposal, and 
finally increasing electricity generation nationwide. 
 
1.7 Significance of Study 
Generation of energy from waste tyres would not only help address problem of the disposal of 
waste tyres but also generate energy through gasification. The gasification of waste tyres could 




1.8 Dissertation Overview 
This report is divided into five chapters and they are: 
Chapter One: The section introduced the entire research study, aim and objectives, and the 
significance of this study. 
Chapter Two: This is the literature section that discussed the concepts of waste tyre gasification 
and other thermo-chemical processes, gasifiers, syngas and TDF production. It also gave insight 
on previous works on waste tyre gasification. 
Chapter Three: This section explained the method used to achieve each of the objective and the 
overall purpose of this research study. This section also discussed the evaluation variables set aside 
for this study and also incorporates the formulas used for computing all the data.  
Chapter Four: This section explained the results of the simulation study and discussed observed 
changes with respect to the effect of the varied process parameters. This section also talked on the 
comparison among the gasifier types as well as validation against existing related works. 
Chapter Five: This section includes the conclusion aspect of the study as well as recommendation 
















This chapter presents the type and composition of tyre, waste tyre and all thermo-chemical 
processes as well as related works on waste tyre gasification.   
 
2.2 Type and Composition of Tyres 
Tyres generally are composed of carbon black, rubber, steel, and different other constituents as 
shown in Figure 2.1 [7, 51]. A typical vehicle tyre is essentially a mixture of natural rubber and 
synthetic rubber such as butyl rubber and co-polymer of styrene butadiene (SBR) [7, 52]. The 
extraordinary flexibility of natural rubbers makes it a critical constituent of all types of tyres [53].  
Tyre constitutes over 90% organic matter with very high calorific value [54]. 
 
 


















There are different types of tyres namely: passenger car tyre, truck/lorry tyre, and off-the-road 
(OTR) tyre as illustrated in Figure 2.2a - 2.2c. They are all excellent products of advanced 
engineering which are generally made up of several rubber compounds, several kinds of carbon 
black, fillers such as clay and silica. In the production of tyre, chemicals and minerals are added 










              
Figure 2.2: Tyre types  (a) Car tyre [55] (b) Lorry/Truck tyre [56] (c) OTR tyre [57] 
 
Tyre rubber composition constitutes between 40% - 50%, carbon black composition constitutes 
between 20% - 25%, metals composition constitutes 10% - 25%, textile composition constitutes 
5% - 10% while the zinc oxide, sulphur, and additives constitutes less than 10% of the tyre 









(a) (c) (b) 
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Table 2.1: Percentage composition of tyres (Source: Evans and Evans 2006 [51]) 
Ingredients Passenger Car (%) Lorry/Truck (%) OTR (%) 
Rubber (Elastomers) 47 45 47 
Carbon Black 21.5 22 22 
Metals 16.5 25 12 
Textiles 5.5  -  10 
Zinc Oxide 1  2 2 
Sulphur 1 1 1 
Additives 7.5 5 6 
Total Carbon materials 74 67 76 
 
 
2.3 Waste Tyres 
Once tyres are disposed they are generally considered waste (or scrap) tyres, they are often re-used 
for other purpose such as car barriers. Waste tyres are unwanted at landfills due to the large 
volumes they occupy [1]. They contain traces of heavy metals and other serious 
atmospheric pollutants which are tightly bonded within the actual rubber compound and are 
unlikely to cause hazard unless the tyre structure is extremely damaged by fire or very strong 
chemicals [1]. Only few companies are allowed to recycle waste tyres via chipping and processing 
into valuable products or selling it to licensed power plants for fuel production.  The Unites State 
endorsed the use of shredded waste tyres as alternate source of electricity production [54]. The 





Figure 2.3: Environmental impact from a pile of waste tyres (Source: Frank M.N, 2017 [58]) 
 
2.3.1 Characterization of Waste Tyre Sample 
The proximate analysis, ultimate analysis and heating value are the most common characterization 
metrics for solid fuel samples including waste tyre. 
2.3.1.1 Proximate Analysis 
The proximate analysis serves as a means for defining the behaviour of waste tyre when it is heated 
at devolatilization temperature (500 oC). This includes determining the moisture content, the 
volatile matter content, the fixed carbon content and the ash content using standard ASTM test 




2.3.1.1.1 Moisture Content 
The amount of moisture in a waste tyre sample is a good measure of its fuel property. Waste tyre 
samples that would make a good fuel must contain less moisture however, those with a higher 
moisture would not burn easily, and its valuable heat per unit mass is little, as more of the energy 
within the sample will be utilized to heat up the water it contains. [59]. 
2.3.1.1.2 Volatile Matter 
The quantity of volatile matter present in a waste tyre sample is a measure of the portion of its 
mass that turns to gas easily when heated at devolatization temperature. The higher the volatility 
of waste tyre sample, the lower the energy input to devolatize the waste tyre [59]. 
2.3.1.1.3 Fixed Carbon  
Fixed carbon can also be referred to as uncombine carbon, and is the portion left after volatile 
matter has been totally taken out (exclusive of ash and moistures) of waste tyre. It dictates the 
stability of the waste  tyre sample [60]. 
2.3.1.1.4 Ash Content 
The ash within a waste tyre sample is the portion of its mass that is made up of incombustible 
minerals. It is majorly made up of silica (SiO), Alumina (Al2O3), Calcium oxide (CaO), Iron oxides 
(FeO, Fe2O3), and Magnesium oxide (MgO) [59, 61, 62].  
2.3.1.2 Ultimate (Elemental) Analysis 
The ultimate analysis basically involves determining the elemental compositions of the waste tyre 
samples and these elements include; carbon, nitrogen, hydrogen, oxygen, and the total sulphur 
content in the sample. To determine the elemental composition in a waste tyre sample, an elemental 
analysis will be done on the waste tyre sample in the laboratory [63].  
2.3.1.3 Heating Value 
Heating value (also referred to as calorific value) is the measurement of the energy stored in waste 
tyre sample. It is a measure of the heat produced from its combustion under standard condition. 
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Combustion processes generate steam and different methods could be used to recover the amount 
of heat present in the water vapor simply by condensing it [64]. Heating value are of two 
categories; the lower heating value (LHV) and the higher heating value (HHV). The HHV (also 
referred to as the gross calorific value (GCV)) is where the water of combustion totally condensed 
and also the heat present in the water vapor is recovered. Meanwhile in the LHV (also referred to 
as the net calorific value (NCV)), the combustion products holds water vapor and the heat in this 
water vapor is never recovered [64]. Heating values can also be estimated from correlations. Table 
2.2 shows some correlations used by previous researchers in the estimation of the heating values. 
 
Table 2.2: Heating value correlations (Source: http://cngeurope.com/fuel-calorific-values/ [64]) 
Heating Value Correlation Reference 
HHV 0.3391C∗ + 1.4337H∗ + 0.00961S∗ − 1.2730O∗ [65] 
HHV 0.3403C∗ + 1.2432H∗ + 0.00628N∗ − 1.909S∗ − 0.09840O∗ [66] 
HHV 0.336C∗ + 1.418H∗ − 0.0145O∗ + 0.0941S∗ [67] 
HHV 
[78.31C∗ + 359.32 (H∗ −
O∗
8
) + 22.12S∗ + 11.87O∗ + 5.78N∗] 
[68] 
LHV HHV − (0.212H∗ − 0.0245M∗ − 0.008O∗) [69] 
LHV 0.004187(1 + 0.15O∗) × (7837.67C∗) + 33888.89H∗ − (O/8)   [70] 
HHV = Higher heating value (MJ/kg), LHV = Lower heating value (MJ/kg), M* = moisture 





2.4 Waste Tyre Analysis from previous studies 
Table 2.3 shows different waste tyre analysis carried out by previous researchers. This indicates 
that the waste tyre total carbon content ranges between 74% - 89%, hydrogen content ranges 
between 5% - 8 %, nitrogen content ranges between 0.2% - 2.3%, total sulphur content ranges 
between 1% - 3 %, and oxygen content ranges between 2% - 5%. From the proximate analysis 
report, it indicates that waste tyre moisture contents ranges from 0.5% - 7%, the volatile matter 
content ranges between 59% - 74%, the fixed carbon content ranges between 20% - 29% and the 
ash content ranges between 4% - 7%. The heating value analysis of waste tyre samples also 
indicates that the LHV of waste tyres falls between 27 - 41 MJ/kg. 
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Machin et al.; 
Zang et al. 
[7, 37] 
Proximate Analysis (by mass %) 
Moisture 1.3 - 0.9 - 7.1 1.09 0.5 2.1 0.9 
Volatiles 62.2 58.8 65.5 73.9 - 73.74 67.3 67.5 66.3 
Fixed Carbon 29.4 27.7 29.4 21.8 - 20.22 28.5 25.2 27.04 
Ash 7.1 3.9 3.7 4.3 4.76 4.95 3.7 5.3 6.66 
Steel - 9.6 - - - - - - - 
Ultimate Analysis (by mass %) 
Carbon (C) 86.4 74.2 89.4 89.2 85.15 81.46 83.8 78.6 81.74 
Hydrogen (H) 8 5.8 7 7.7 7.15 6.84 7.6 7.1 7.06 
Nitrogen (N) 0.5 0.3 0.2 0.5 0.26 2.27 0.4 0.3 0.3 
Oxygen (O) 3.4 4.7 - - - 2.01 3.1 4.8 2.42 
Sulphur (S) 1.7 1.5 2 2.6 1.83 1.38 1.4 1.8 1.82 
Calorific Value (MJ/kg) 
LHV 40 31.8 - - 41.0 37.1 36.5 27.3 37.1 
a Dry Basis 
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2.5 Tyre Derived Fuel (TDF) 
TDF is the general term used to define solid, liquid or gaseous fuels derived from tyres. Typically 
in a TDF process waste tyres are shredded or chipped and fed directly or mixed with other fuels 
such as coal and other biomass into kilns for power generation [76, 77]. 
United States, United Kingdom, other European countries and Northeast Asia countries (Japan, 
South Korea, Taiwan)  have been using TDFs to power different industries such in cement kilns, 
for over three decades [1]. According to the EPA, TDFs generates the same amount of energy as 
oil and over 25% additional energy than coal, while both combined produce lesser emissions as a 
result of the tyre ash containing a lower content of heavy metals than coals thereby resulting in 
less nitrogen oxides (NOx) emissions than these coals, specifically the high-sulfur coals [9]. 
Government and environmental studies [10, 78] worldwide have verified the benefits of the energy 
derived from TDF while confirming its less emission levels when compared to other fossil fuels. 
Most of the countries considered as the model for environmental responsibility have endorsed, 
supported and encouraged the use of TDF [9]. 
In 2005, USEPA published the following statement: "Based on over 15 years of experience with 
more than 80 individual facilities, EPA recognizes that the use of TDF is a viable alternative to the 
use of fossil fuels" [9]. Over 40% of waste tyres (1,736,340 tons or 106 million tyres) were burnt 
as TDF in the United State in 2017. Cement manufacturing was the major user of TDF with 46%, 
followed by pulp and paper industry with 29% and electric utilities used 25%, 25% of scrap tyres 
were used to make ground rubber, 17% were disposed of in landfills and 16% had other uses [10].  
 
2.6 Thermal Conversion Processes of Waste Tyres 
The major thermal conversion processes used for energy generation from TDFs are combustion, 
pyrolysis, and gasification. 
2.6.1 Combustion of Waste Tyres 
Combustion is one of the energy valorization techniques used in energy generation from waste 
tyres. It is the most commonly used energy conversion process where waste tyres are burnt in an 
enclosed vessel, stove or boiler and this process is maintained by optimal airflow through the 
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combustion chamber [79]. Waste tyres are burnt in boilers for steam production which is 
introduced to steam turbines for power generation [7]. During the combustion of waste tyre, carbon 
dioxide is released along with polyaromatic hydrocarbons, heavy metals, furan and dioxins which 
are major atmospheric contaminants [80, 81].  Combustion of waste tyres have been experimented 
in fixed bed, fluidized bed and rotary kiln reactors [7, 82, 83]. Dry shredded tyre were introduced 
into the reactor while air flow through the chamber to generate energy as described by Figure 2.4. 
Combustion of waste tyre recovers energy generation below 40% and emissions from this process 
requires slag treatment however, this is not an effective process for waste tyre management 
because the process is expensive due to the huge operations cost [81]. The applications of 
combustion processes cover a wide range of ratings from low kilowatt fraction to few megawatts 
(in municipal power plant) [79].     
 
    Dry Shredded Waste Tyre                Combustion              Products (gas, char, ash) 
 
            Air (O2) 
 
Figure 2.4: Combustion  of  waste tyre (Source: Tripathy R., 2013 [79]) 
 
2.6.2 Pyrolysis of Waste Tyres 
Waste tyre pyrolysis involves the process of converting waste tyre into liquid fuel (oil), solid (char) 
and gas (syngas) thermally in absence of air to temperature around 773 K (500 ℃) [84]. Pyrolysis 
is also an effective technique for waste tyre recycling because the oil generated from pyrolysis can 
be used in engines, turbines, as well as in refineries [7]. Several works have been carried out on 
waste tyre pyrolysis on industrial and laboratory scale [7]. Pyrolysis can be used to produce oil in 
the case flash pyrolysis thereby bringing about the conversion of waste tyres to crude fuel up to 
50% efficiency [85]. Huaying Energy Group carried out an industrial scale pyrolysis on waste 
tyres and the product distribution include a 45% pyrolytic oil composition, 30% carbon black, 15% 
steel wire and 10% fuel gas [86]. Figure 2.5 shows the pyrolysis products from pyrolysis of waste 
tyres as reported from previous authors [7]. The major concern about pyrolysis is the corrosive 
nature of the oil produced, and it needs to be properly refined before using to power engines [7], 
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[84]. The storage and transportation of oil product from pyrolytic processes has usually been 
problematic in most cases [84]. More so, the technology advancement does not make it appropriate 
for low cost diffused use. The problem associated with this pyrolysis include poor thermal stability 
and corrosive nature of the oil.  
 
                                                    Yield up to 40 wt%  
                          
 
  
      Yield up to 60 wt% 
 
 
        
                                               Yield up to 10 wt%   
Figure 2.5:  Pyrolysis of waste tyre (Source: This Study) 
 
2.6.3 Gasification of Waste Tyres 
Gasification is defined as the energy conversion path by which oxygen from air and/or steam 
combines in an endothermic reaction with solid waste feedstock (biomass, coal, tyre etc.) to 
produce syngas and several other by-products which include carbon dioxide (CO2), light 
hydrocarbons, char and heavy hydrocarbon (tar) [20]. Gasification is also incomplete combustion 
of solid fuel organic contents into gaseous product rich in CO, H2 and light hydrocarbon gases 
mostly CH4 [87]. It is an energy valorization technique by which a carbon-rich feeds is converted 
into H2, CH4, CO, CO2 and other products with the aid of gasification agents usually oxygen, air, 
steam, H2, CO2 or mixture of any two of these agents [12, 15, 47, 87]. Gasification adds value to 








Waste tyre gasification is an attractive path because the product gas can be kept or fed directly to 
boilers and combustors with slight modifications [13, 14]. Gasification process offers attractive 
technology to utilize solid wastes in energy generation [88]. Gasification of waste tyres have  been 
studied to predict hydrogen production by using various gasifiers and different parameters were 
considered to influence the gasification process some of which include: composition of the solid 
waste, moisture content, gasifier temperature, pressure, gasifier geometry, oxidant amount, 
gasification agent etc. [89]. Gasification processes have been studied to generate high product 
gases and little amount of char [12, 44, 87]. In general, gasification combines pyrolysis and 
combustion operations to prepare the reaction heat [89]. In other to boost the rate of syngas 
production, gasification is generally carried out at high temperatures between 500 - 1000 oC [87].  
Raman et al. [20] investigated two major processes in waste tyre gasification namely; the primary 
and secondary decomposition reactions. The former involves tyre decomposition into heavy and 
lighter hydrocarbons (CxHy) and char while the latter involves the thermal breakdown of the 
heavier hydrocarbons [6]. These reactions are illustrated by the equations below [6, 12, 20, 87]. 
 
 
    Primary Reaction 
Tyres → heavy hydrocarbons (tar) + light hydrocarbons (gas) + char   2.1 
    Secondary Reaction 
heavy hydrocarbons (tar)
cracking
→      light hydrocarbons (gas) + H2   2.2 
heavy hydrocarbons (tar)
steam reforming
→            CO + H2 + hydrocarbons   2.3 
light hydrocarbons (gas)
steam reforming
→            CO + H2 + hydrcarbons    2.4 
char
gasification







Figure 2.6: Stages involved in a complete gasification process of waste tyre (Source: This Study) 
 
Chandrakant [89] breaks gasification process into 5 main stages which include: the collection 
stage, preprocessing stage, processing, post-processing and the application stage. The collection 
stage involves the waste tyres collection from different stockpiles. The preprocessing stage is 
where the tyres are dried, briquetted, and shredded into chips followed by the separation of metals 
and other impurities. The processing stage is the actual gasification stage where the tyre chips are 
fed into the gasifier. The post processing stage involves separation of the syngas other gaseous 
products as well as the solid char. The application stage is where the cleaned gas is fed into boiler, 
turbine or fuel cell as the case maybe and the solid carbon (char) is converted into valuable carbon 
product. Figure 2.6 describes the overview of the five gasification stages which represents a 
complete gasification process of waste tyre. 
Stage 5 
















Carbon   
Black 
Stage 4 Stage 3 Stage 2 Stage 1 
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2.6.3.1  Modes of Gasification of Waste Tyres 
Several researchers [12-20, 26-38, 41-43, 45-49] have carried out waste tyre gasification process 
in three different modes which are; conventional, plasma and solar-assisted gasification. 
Conventional gasification is the most common process of waste tyre gasification reported [12, 15, 
17, 19, 20, 27, 35-38, 41-43, 45-49]. In this method, the energy used in the decomposition of the 
organic content of the tyre is produced from the incomplete combustion of tyre with air and/or 
pure oxygen [45]. Plasma gasification, the decomposition of waste tyres into syngas and vitrified 
slag and this is done via thermal plasma. The energy required for plasma gasification process is 
usually generated by the movement of a very high current between the anode and the cathode 
which is done in the presence of gas flowing across the two electrodes [34]. This mode of 
gasification of waste tyres takes place at extremely high temperatures than most conventional 
modes, whilst conventional works on waste tyre gasification generally have been carried out below 
1273 K (1000 oC) irrespective of the configuration of the reactor [6, 34, 90]. Lerner et al. [34] 
worked on plasma gasification of tyres at 2073 K. The authors employed a two-stage process in 
the production of hydrogen gas, the overall process involves generation of steam with plasmatron 
and finally, the use of calcium oxide as catalyst to improve hydrogen gas yield. For conventional 
gasification, this was the maximum yield of hydrogen gas content reported. Janajreh et al. [26] 
modelled both conventional  and plasma type gasification of waste tyres. The author reported a 
cold gas efficiency of 42% and 72% for plasma and conventional gasification respectively. In the 
solar-assisted waste tyre gasification, solar energy was used to generate part of the energy 
employed in the decomposition of the waste tyres. Piatkowski and Steinfeld [50] studied solar-
assisted gasification of waste tyres, sewage sludge and industrial sludge. The results obtained 
disclosed that the industrial sludge produced the maximum cold gas efficiency (28%) from solar 
to fuel followed by the sewage sludge with 18% and the waste tyre recorded just 17% efficiency. 
2.6.3.2  Different Zones in a Gasifier used in Waste Tyre Gasification  
Waste tyre gasification process involves sequence of endothermic reactions and yield product 
gases and this process occurs in various zones. These zones are distinguished and represented by 
temperature variation taking place in each zone. The zones include: the drying zone, the pyrolysis 
zone, the reduction and the oxidation/combustion zone. 
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2.6.3.2.1 The Drying Zone 
This is the zone where the waste tyre first encounters the gasifier. The major operation here is 
moisture content elimination. The dominant temperature range in this zone is between 50 - 200 °C 
depending on the biomass type [79]. The moisture is eliminated due to heat conduction that is 
generated from the bottom zones without undergoing chemical reactions or decomposition [91].  
2.6.3.2.2 The Pyrolysis Zone 
This zone is also called the devolatilization zone. Here, hot steam reacts with carbon according to 
the water-gas reaction and the reaction involves the partial oxidation of carbon as it comes in 
contact with steam [79]. The irreversible decomposition reaction is the main reaction taking place 
in this zone in temperature ranging from 200 - 500 oC [92]. The devolatilization zone products are 
volatiles along with char and tar resulting in more than 80% weight loss of feedstock. The volatiles 
released in this zone are the mixture of gases like H2, CO, CH4, H2O, and CO2 along with black 
corrosive liquid tar, whereas chars are the solid carbon residue [92]. 
2.6.3.2.3 The Reduction Zone 
Here, several chemical reactions between the gaseous and solid materials occur at very high 
temperature [92]. This is also referred to as the main gasification zone, here, the CO2 in the reactor 
reacts in an endothermic process with char to form CO [79], this reaction is called the Boudouard 
reaction and it is represented by equation 2.7.   
Boudouard reaction: CO2(g) + C(s)⟶ 2CO(g)    ∆H =  +172.58 MJ/kmol  2.6 
Other reactions that occur in the reduction zone include: 
Water gas reaction: C(s) + H2O(g)⟶H2(g) +  CO(g)    ∆H = +131 MJ/kmol  2.7 
Water-shift reaction: CO(g) + H2O(g)⟶H2 +  CO2(g)   ∆H = – 41 MJ/kmol   2.8 
Methanation reaction: C(s) + 2H2(g) ⟶ CH4(g)               ∆H = – 75 MJ/kmol   2.9 
Steam-Methane Reforming: CH4(g) + H2O(g)⟶  CO(g) + 3H2(g)  ∆H = +206 MJ/kmol 2.10 
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2.6.3.2.4 The Oxidation/Combustion Zone 
The combustion zone provides the energy required for other subsequent reactions involved in 
gasification. The reactions in this zone are exothermic and the temperature ranges from 800 oC - 
























⟶ CO(g) + 2H2O                  ∆H = – 110 MJ/kmol   2.14 
 
2.7 Types of Gasifiers used in Waste Tyre Gasification  
The gasifier is essentially considered the core of the gasification processes. Ptasinski et al. [93] 
established that the gasification reactor is the most effective unit operation in gasification 
processes, hence, improvement in the gasifier efficiency will greatly improve the gasification 
operation. The gasifiers operation depends on several chemical complex reactions which include 
fast pyrolysis, partial oxidation of products from pyrolysis, char gasification, tar conversion and 
lower hydrocarbons and also the water-gas shift reaction. Gasifiers can be classified according to 
their design, which normally is their most distinctive feature [94]. 
2.7.1 Fixed Bed Gasifiers 
They are also referred to as the moving bed gasifiers, they are reactors where solid move counter 
currently or concurrently to the flow of gas as reaction occurs and the waste tyre samples are 
converted to gaseous products [95]. As air moves through the reactor, distinctive reaction zones 
developed within the reactor [95]. Generally, fixed bed gasifiers are rather inexpensive and simple 
[94]. They have very a high carbon conversion ratio, a low gas velocity, and a high solid residence 
time and they also have a limited scalability [96, 97]. Moving bed gasifiers are usually classified 
as updraft, downdraft and cross draft [95]. 
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In updraft gasifier, the waste tyre is introduced through the top of the gasifier while air is 
introduced to the reactor grate from below as shown in the Figure 2.7. The solid char formed at 
the top of the gasifier undergoes combustion until the gasifier temperature reaches around 1000 
°C above the grate [84]. The ash formed falls to the bottom through the grate as the host gases 
move upwards and undergoes reduction. Also, at the upper part of the gasifier, the feed is 
pyrolyzed, dried and the product gases are cooled to temperature around 300 – 400 °C. The volatile 
hydrocarbons escape in the pyrolysis zone where significant amounts of the tar are produced which 
condense partially on the feed above and partly exit the reactor with the gaseous product. The 
temperature of the gasifier is controlled by mixing air with the steam used in the gasification 
process. Because of the low exit gas temperature, the energy efficiency of the gasification process 
is higher and likewise tar content of the gas [94]. Updraft gasification reactors convert waste tyre 
components (carbon black, steel and base oil) into valuable products after cleaning for power 
generation [7].  They are the best type of fixed bed gasifiers suited for industrial scale operations. 
They can  reach up to 20 MW thermal power and they are also insensitive to any change in moisture 
content as well as the geometry of the waste tyre feed [98]. However, the formation of tar 
compounds in the gasification process is a significant problem in updraft gasifiers [59]. 
In downdraft gasifier, the waste tyre feed move along with the air in similar direction as illustrated 
in Figure 2.8. The gaseous products leave the reactor just after moving through the hot zone thereby 
aiding tar cracking during the gasification process and producing a low tar content gas. Since the 
gaseous product exit the reactor at temperature around 900 - 1000 °C, the gasifier energy efficiency 
is generally low as a result of the high heat content by the hot gas [91]. The tar content of this 
gasifier is lower than that of the updraft and this makes it more suitable for waste tyre gasification 
[99]. 
In crossflow gasifiers, the waste tyre feed moves straight down, and air comes in from the side, 
while the gas is being removed from the other side of the unit at the equal level as shown in Figure 
2.9 [84]. In this reactor, hot zones of combustion and gasification form at the air entrance 
meanwhile, the drying and pyrolysis zone are formed at the top of the reactor. The ash formed is 
being withdrawn below the reactor and the exit gas temperature is between 800 - 900°C; therefore, 




Figure 2.7: Fixed bed gasifiers (a) updraft (b) downdraft (c) crossdraft (Source: All Power Labs 
[100]) 
 
Generally, fixed bed reactors have simple designs however, the tar content is relatively high when 
compared to other gasifiers and also produce syngas with lower heating value [37, 84]. Fixed bed 
gasification reactors have been used by various researchers in waste tyres gasification some of 












(c) (b) (a) 
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Table 2.4: Previous authors that have employed fixed bed gasifier in waste tyre gasification 
(Source: This Study) 
S/N Year Author(s) Gasifier Tyre/Scale Aim(s) Reference 
1 2004 Caballero Lab scale Syngas production [101] 
2 2004 Coneso et al. Pilot scale Syngas production [73] 
3 2010 Elbaba et al. Lab scale H2 production [102] 
4 2012 Lopez et al. Lab scale Syngas production [46] 
5 2012 Elbaba and Williams Lab scale H2 production [103] 
6 2013 Elbaba and Williams Lab scale H2 production [49] 
7 2014 Elbaba and Williams Lab scale H2 production [104] 
9 2015 Janajreh and Raza Downdraft/Simulation Syngas production [26] 
10 2015 Zhang et al. Lab Scale H2 and CNT 
production 
[42] 
11 2019 Policella et al. Lab scale Syngas production [105] 
12 2019 Ongen et al. Updraft/Lab scale Syngas production [36] 
13 2019 Zang et al. Downdraft/Simulation Syngas production [37] 
 
2.7.2 Fluidized Bed Gasifiers 
These gasifiers are generally used for feedstock with high amount of ash [3]. In this reactor, air is 
blown to the upper section of the gasifier through the bed. The reactor bed acts like a fluid at its 
boiling point, it has exceptional uniform temperature and also offers very effective contact between 
gas and solid phase [3]. At the initial stage, the heat is transferred through a hot bed of sand and 
the ideal bed operating temperature is maintained between 750 - 950 oC so that heat is not 
generated in the ash zones, this is done to prevent slagging and clinkering conditions [3]. The 
quantity and composition of the volatiles produced is a function of the rate of heating, the gasifier 
temperature, and the feed sample [3]. 
Generally, it is believed that the rate limiting factor is the char gasification stage of the solid fuel 
residues because the devolatization stage is very fast [106]. The final product gas composition also 
depends on the degree of equilibrium attained by several gaseous phase reactions mostly the water-
gas shift reaction [106]. In low temperature reactors, high pressure secondary reactions and low 
heating rates are vital due to long residence time. Similarly, at high temperature, low pressure and 
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high heating rate, majority of the volatile compound produced escape from the feedstock particles 
during pyrolysis stage thereby causing reduction in any chance of interaction between the char and 
gas. In most fluidized beds, the gas-char interaction dominates but due to the mixing of the reactor 
bed, the gas-solid and gaseous phase secondary reactions takes place [107]. 
Fluidized bed gasifiers generally have a wide range of adaptability to handle various feedstock 
sample. High amount of moisture and ash of the feedstocks poses no difficulties in fluidized beds 
[107]. The gas tar content obtained from fluidized bed is lower than those gotten from fixed bed 
and this is the special feature of fluidized bed gasifier that makes it better fit for bigger scale 
operations [108]. Drawbacks of the fluidized bed include; high pressure drop, erosion of the body 
of the reactor and entrainment of particles.  
Another downside of fluidized bed reactor lies in the amount of tar in the final gaseous product 
and the incomplete carbon combustion. Fluidized bed reactors are classified based on their 
conformation and the velocity of the gasifying agent into three namely; the bubbling, the 
circulating and the spouted fluidized bed gasifier [108]. 
The phenomenon whereby granular materials are raised in a gasifier when the gas moves at a 
flowrate where pressure drop across the particles is enough to support their weight, the fluidized 
bed is termed a bubbling bed [109]. Above the minimum fluidization, a low fluidization velocity 
(<2 m/s) moves through the reactor bed in the form of bubbles in bubbling bed fluidization. 
Bubbling fluidized bed consists of a container with grate below where the air is introduced into 
the process [110]. The moving bed of fine-grained materials where prepared feed is introduced 
above the grate and the regulation of the gasifier temperature between 700 - 900 °C is sustained 
by regulating the air-to-fuel ratio. Bubbling bed gasifiers are categorized based on the bed numbers 
as single fluidized bed and multi-fluidized bed [107, 109]. 
When the velocity of the gas in a bubbling bed is increased further there will be entrainment of 
particles in the gaseous stream leaving the reactor. If the transport velocity of the particles is finally 
attained, the solid within the reactor can be emptied quickly unless more particles are fed from the 
reactor base. Also, when the solid exiting the reactor are returned via an external collection system 
then this system is known as a fast or circulating fluidized bed system. This gasifier has a high 
operation capacity when compared with the conventional fluidized bed reactors. It also has an 
improved gas-solid contact and capacity to handle cohesive solids that are hard to fluidize in 
bubbling reactors [107]. 
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Spouted fluidized bed gasifier consists of coarse particle bed filling the reactor partially and it is 
provided with a very large opening at the base, gas is introduced via this aperture and with enough 
gas flow, the gas particles can be made to surge up as fountain at the center of the bed and develop 
cyclic motion. This motion can be supported by the supplementary air at the reactor base to 
produce what is called a spouted bed [107]. Spouted bed reactors have been employed in the 
gasification of different types of coal. However, no study on this gasifier has been carried out in 
waste tyre gasification [111]. 
Fluidized bed gasifiers have also been employed by various researchers on laboratory and pilot 

























Table 2.5: Previous authors that have employed fluidized bed gasifier in waste tyre gasification 
(Source: This Study) 
S/N Year Author(s) Gasifier Tyre/Scale Aim(s) Reference 
1 1981 Raman et al. Bubbling fluidized 
bed/Pilot scale 
Syngas production [20] 




Syngas production [113] 




Syngas and char 
production 
[12] 
4 2005 Scot et al. Bubbling fluidized 
bed/Lab scale 
Syngas production [114] 
5 2006 Mitta et al. Pilot 
scale/Simulation 
Syngas production [39] 
6 2006 Song and Kim Circulating fluidized 
bed/Lab scale 
Syngas production [115] 
7 2006 Miao et al. Bubbling fluidized 
bed/Lab scale 
Syngas production [116] 
8 2008 Xiao et al. Bubbling fluidized 
bed/Lab scale 
Syngas and carbon 
black production 
[19] 
9 2012 Karatas et al. Bubbling fluidized 
bed/Lab scale 
Syngas production [27] 
10 2013 Yusup et al. Bubbling fluidized 
bed/Pilot scale 
H2 production [117] 
11 2013 Karatas et al. Bubbling fluidized 
bed/Lab scale 
Syngas production [17] 





13 2017 Machin et al. Bubbling fluidized 
bed/Pilot scale 
Syngas production [7] 
14 2019 Zang et al. Commercial 
scale/Simulation 




2.7.3 Entrained Flow Gasifiers (EFG)  
These gasifiers are generally used in large scale operations [119]. Due to their high operating 
condition (1250 - 1600 oC, 2 - 8 MPa) and dependence on oxygen as the gasifying agent, tars are 
almost completely converted which is one of the merits of this gasifier [120-123]. However, when 
air is employed as the gasifying agent in small-scale units, the temperatures reduces which results 
in the production of the tar [124]. Basu [125] reported that a slurry prepared by mixing fuel sample 
and water can be used to ease feeding into the EFGs [126]. This reactor requires a fine powdered 
fuel usually between 0.1 - 1 mm [126]. Despite all the merits of this reactor, high cost of energy is 
required for size reduction of the feedstock and this is a great setback for gasification process [127, 
128]. Hence, a waste solid pre-treatment is generally required for EFGs via torrefaction thereby 
allowing it to overcome the mentioned drawback [129-131] . As reported by several authors coal 
[132, 133], EFGs are mostly used in co-gasification operations. Adeyemi and Janajreh [40] are the 








EFGs are classified into two main types; the top-fed EFG and the side-fed EFG [134] as shown in 
Figure 2.12. The top-fed EFG is a vertical cylinder where the feed along with the gasifying agent 
are being co-currently fed in the form of a jet from the top. The gasification process is done by an 
inverted burner and the syngas exit the reactor from the side at the lower part of the reactor while 
the slag exits from the bottom. In the side-fed EFG, the pulverized feed and the gasifying agent 
are co-currently fed to the gasification reactor by nozzles within the reactor which result in an 
proper mixing of fuel and gasifying agent. The syngas exits from the top and the slag exit from the 
bottom.  For both entrained flow gasifier configurations, the pressurized fuel into the reactor is 
generally provided by a pneumatic feeding system. Both gasifiers are very efficient with standard 
operating conditions in the range 1300 - 1500 oC and 20 - 70 bar for temperature and pressure 
respectively [126, 135].  
2.7.4 Rotary Kilns 
Rotary kilns are slowly rotating refractory-lined steel cylinders generally used in applications such 
as incinerators for combustion and material destruction, gasification of solid wastes amongst others 
[136]. Rotary kilns are usually downward slanted from the feed point to the outlet point to ease the 
movement of feed samples. It is heated to a very high temperatures and as the feed passes through 
the kiln, the waste evaporates, organic materials decompose, and then combustion begins. They 
are usually designed to operate at temperatures between 760 oC (1035 K) and 1427 oC (1700 K). 
The end products of the kilns can either be ash or slag depending on the characteristics of the 
feedstock and mode of operation [136]. The major elements of rotary kiln design are the reactor 
and related processes, the end seals, drive assembly, kiln refractory and control systems. The 
reactor and its processes are the essential parameters to study for pyrolysis and gasification 
processes. As heat is the main driver in rotary kiln technology, thermochemical processes are the 
crucial factors in this technology. The end seals are designed usually to prevent escape of 
combustion gases and also to minimize air leakage into the system. The drive assembly must 
continuously supply enough torque to rotate the kiln under any operating conditions. The 
refractory tile guards the kiln shell from overheating and various chemical attack. It also offers a 
hot surface to aid combustion of waste and ignition process. Refractory surfaces near the feed inlet 
are usually designed for resistance to thermal shock loads and high impact. The refractory must 
also be able to withstand slag penetration and resist chemical attack in the discharge area [136].  
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Since rotary kilns use heat to cause either physical changes or chemical reactions within the 
material, both direct and indirect-fired kilns could be to carry-out a several processes. Rotary kilns 
are used in many industrial applications in several fields such as waste lime recovery, activated 
carbon production, thermal desorption of organic/hazardous wastes, mineral roasting, pyrolysis, 
gasification etc. [136]. Rotary kilns are one of the earliest and most common reactors employed 
by various researchers on laboratory, pilot and even at industrial scale for waste tyres gasification. 
Some of the notable previous works are summarized in Table 2.6.  
 
 











Table 2.6: Previous authors that have employed rotary kiln gasifier in waste tyre gasification 
(Source: This Study) 
S/N Year Author(s) Gasifier 
Tyre/Scale 
Aim(s) Reference 
1 1987 Saito et al. Pilot scale Syngas production [138] 
2 2001 Li et al. TGA/Lab scale Syngas production [139] 
3 2006 Weiss and Castaldi TGA/Lab scale Syngas production [140] 
4 2006 Gonzalez TGA/Lab scale Syngas & AC production [43] 
5 2009 Galvagno et al. Lab scale Syngas production [44] 
6 2010 Donatelli et al. Pilot scale Syngas production [47] 
7 2011 Portofino et al. Lab scale H2 production [15] 
8 2013 Sanchez et al. TGA/Lab 
scale/Simulation 
Syngas production [141] 
9 2013 Portofino et al. Lab scale Syngas production [48] 
10 2013 Molino et al. Pilot scale Syngas & adsorbent 
production 
[41] 
11 2013 Lahijani et al. TGA/Lab scale Syngas production [142] 
12 2015 Kandasamy and Gokalp TGA/Lab scale Syngas production [45] 
13 2018 Molino et al. Pilot scale Syngas & AC production [35] 
 
All gasifiers that have been used in waste tyre gasification have their own unique properties, 











Table 2.7: Properties of different types of waste tyre gasifier [84, 127, 143] 
Merits Demerits 
Fixed Bed (Updraft)  
Very Simple and less expensive 
Low exit gas temperature 
High carbon conversion ratio 
Clean gas 
High thermal efficiency 
Operates well under pressure 
Ability to handle high humidity materials 
Reduced ash and dust entrainment 
High tar production 
Potential channeling 
Clinkering 
Small feed size 
Bridging potential 
Low syngas production 
Low specific capacity 
Fixed Bed (Downdraft)  
Simple construction 
Low tar production  
High carbon conversion ratio 
Limited ash and dust entrainment 
High solid hold time 
Very reliable  
Minimum feed size  
Bridging and clinkering potential 
Requires feed with low moisture 
Limited scale up capacity  
Fluidized Bed (Bubbling) 
Flexible feed rate and composition 
High ash fuel 
Easy temperature control 
Ability to handle feed with different characteristics 
Ideal for fuels with high reactivity. 
Low level tar in syngas 
Good scalability 
Adaptable to catalyst usage 
High carbon conversion ratio 
High gas-solid contact and mixing 
High heat capacity  
 
High product gas temperature 
Ash and dust dragging 
High carbon content in fly ash 
High cost of maintenance 
High investment cost 
Pre-treatment is needed when used for 
co-gasification operation. 
Fluidized Bed (Circulating) 
High operating temperature 
Flexible process 
Low tar production 
Low residence time 
Good scalability  
High carbon conversion 
 
Problems of corrosion and attrition 
Poor operational control  
High cost of operation 
Low solid-gas contact 










Fluidized Bed (Spouted) 
Does not require oxygen 
High CH4 formation due to low bed 
Temperature limit in the oxidizer 
 
More tar formation due to lower bed 
temperature 
Difficult to operate under pressure 
Entrained Bed 
Very low in tar and CO2 
Flexible to feedstock 
High exit tar temperature 
High temperature slagging operation 
Uniform reactor temperature 
No scale-up problem 
Excellent Process parameter control 
Short hold time 
High carbon conversion 
 
 
CH4 formation is low 
Requires extreme feedstock size 
reduction 
Ash slagging 
Complex control of operation 
High cost of maintenance 
Requires heat recovery to improve 
efficiency 
Requires large amount of oxidant 
Efficiency of the cold gas is low 
Life span of the system components is 
short  
Rotary Kiln 
Operates at very high temperature 
Not prone to overheating and chemical attacks 
Can resist high impact and thermal shocks 
Less tar formation 
Sensitivity to changes in feed size, composition and 
humidity is low 
High carbon conversion ratio 
Low cost of investment 
Simple construction and very reliable in operation 
 
Difficult to operate under pressure 
High production of tar and dust 
High cost of maintenance 
Low flexibility  
Low thermal efficiency 
Low heat exchange capacity 









2.8 Gasification Parametric Variation and their Effect on Waste Tyre Gasification 
Process 
Waste tyre gasification process cannot be complete without describing the conditions at which 
gasifiers can operate effectively. Several parameters have been studied on both laboratory and pilot 
scale, these parameters affect various performance such as  cold gas efficiency, syngas efficiency, 
quality of the product gas, energy, etc. [107]. Some of the parameters are particle sizes of the solid 
waste, gasifier temperature, equivalence ratio, moisture content, air to feed ratio,  residence time, 
catalyst etc. [12, 20, 37, 144]. 
2.8.1 The Effect of Particle Size on Waste Tyre Gasification 
The size of waste tyre particles is one of the significant parameters that affects conversion rate and 
conversion efficiency of char produced in the gasification process which depends mainly on the 
gasifier diameter [12, 144]. Leung and Wang, (2003) [12] investigated the effect of tyre particle 
size on various gasification parameters in a fluidized bed reactor. The authors studied particle sizes 
from 1.0 - 2.1 mm, it was observed that the smaller particles dispersed better within the reactor 
than the larger ones and this resulted into higher reactivity amongst the smaller particles. The 
authors concluded that the product gas yield, oil yield, volatile release ratio, energy recovery ratio, 
char yield and gas heating value increases with increase in particle size and the reaction 
temperature decreases with increase in particle size. Straka and Bucko, 2009 [145] also studied the 
influence of tyre particle sizes between 3 mm - 40 mm, they found out that particle sizes below 20 
mm is required to optimize co-gasification process of waste tyre and lignite. Kandasamy and 
Gokalp, 2015 [45] studied car and truck tyre particle sizes of 10 mm and 0.5 mm - 4 mm 
respectively in the presence of steam and argon as the gasifying agents. They concluded that the 
particle size distribution of the tyres does not have significant effect on the output of the tyre 
gasification process. 
2.8.2 The Effect of Moisture Content on Waste Tyre Gasification 
Moisture content is one of the most central characteristics that affects the product gas final 
composition in gasification process [146]. The influence of moisture on the recoverable energy are 
very important because of the energy requirement needed for moisture vaporization and 
superheating the vapour [147].  Zang et al., 2019 [37] investigated the effect of moisture content 
on waste tyre gasification between 0.9% and 30% in fluidized bed and fixed bed reactors. The 
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authors reported an increase in CO2 and hydrocarbons while other syngas components reduced as 
the moisture content was increased however, the moisture content was reported to have a negligible 
effect on other gasification parameters in the reactors.  
2.8.3 The Effect of Gasification Agent (GA) on Waste Tyre Gasification 
Waste tyres have been gasified using various gasifying agents however, the choice of these agents 
depends on the desired composition of the product gas and energy yield. Laboratory and 
commercial scaled gasifiers usually use steam, air or mixture of both as the gasifying agent [35, 
37, 43, 44, 148]. Gasification with air is an exothermic process that produces gas with low calorific 
value rich in CO with little amount of H2 and hydrocarbons [107]. Gasification with steam however 
is an endothermic processes which produces a medium heating value gas rich in H2 and CO [107]. 
Gonzalez et al., 2006 [43] used steam and CO2 as gasifying agents in the preparation of activated 
carbon from waste tyre gasification. They observed that steam gasification has a higher carbon 
conversion ratio, product gas yield and activated carbon with high surface area than gasifying with 
CO2. Karatas et al., 2013 [27] made a comparative investigation on the effect of different gasifying 
agents (air & CO2 mixture, air & steam mixture and pure steam) on waste tyre gasification. The 
results obtained shows that pure steam produced syngas with the highest heating value.  
2.8.3.1 The Effect of Equivalence Ratio (ER) on Waste Tyre Gasification 
The ER is defined as the ratio of the theoretical to the actual air demand in steam gasification 
process using air or oxygen as the gasifying agent [107]. Theoretical O2 demand is required to 
achieve the combustion of waste tyre based on its contents however, gasification is based on 
achieving the partial combustion of solid waste samples, thus a fraction of this ratio is normally 
used. The equivalence ratio (ER) has a great impact on the gasifier performance because it has 
direct effects on  the bed temperature, quality of the gas and the thermal efficiency [37, 107]. 
Leung and Wang, 2003 [12] examined the gasification of waste tyre with ER range of 0.07 - 0.41. 
They observed that product gas yield increases as ER increases and might reach a maximum value 
at critical ER while the char yield reduces. Zang et al., 2019 [37] investigated an ER range of 0.22 
- 0.5, and it was observed that high ER values promote the gasification process by increasing the 
temperature and thereby decreasing the LHV of the produced H2 by having dilute output. High ER 
decreases the CO and H2 production, while increases the CO2 output. The authors also concluded 
that the gas yield and carbon conversion ratio increase while other gasification parameters decrease 
37 
 
as ER increases. Xiao et al., 2008 [19] investigated ER range of 0.2 - 0.6, they found out that 
increasing the ER decreases the gas LHV and carbon black production. Karatas et al., 2013 [17] 
investigated ER between 0.15 - 0.45, they observe that increase in ER does not favour CH4 and H2 
production. Sanchez et al., 2013 [141] performed a thorough investigation of ER values less than 
1 and from 3.0 - 5.5. They concluded that ER above 3.0 favour H2 production and ER < 1 favours 
CO2 production. They also emphasized that the high CO2 production at lower ER hinders CO and 
H2 production. Janajreh and Raza, 2015 [26] investigated ER between 0.9 - 2.0, they observed that 
char conversion is more of a function of ER than the devolatilization process. 
2.8.3.2 The Effect of Steam-to-Fuel Ratio (SFR) on Waste Tyre Gasification 
The SFR refers to moles of steam fed per mole of fuel and just like the gasification temperature 
has a strong impact on both the energy input to the system and product gas composition from the 
system [107]. A gasification study [149] observed that high steam-to-fuel ratios have positive 
effects on increasing hydrogen production ratio while others [20, 150] shows it has negative effect.  
A lower SFR value favours the formation of methane and solid carbon however, as more steam is 
supplied the carbon and methane present are reformed to CO and H2 [107]. Donatelli et al., 2010 
[47] studied the effect of SFR on waste tyre gasification. The authors investigated the SFR range 
between 0.03 - 1.40 and from the obtained results increase in SFR increases the energy of the 
product gas from 33.8 - 42.5 MJ/kg however, the optimum energy production was obtained at SFR 
of 0.33. Karatas et al., 2013 [27] investigated SFR between 0.273 - 0.52 on waste tyre gasification. 
The authors observed that increase in SFR has a slight effect on the syngas LHV. Sanchez et al., 
2013 [141] investigated SFR range between 0.16 - 2.0 on the gasification of waste tyre rubber. At 
an SFR value of 0.5, the authors observed the maximum energy recovery index, and this is where 
the syngas has its highest HHV value. 
2.8.4 The Effect of Gasifier Temperature (GT) on Waste Tyre Gasification 
Temperature of the gasifier seems to have the greatest influence on overall performance of the 
gasification process [107]. The gasifier temperature affects the rate of reaction and the product 
composition [151, 152]. Several authors [12, 15, 19, 20, 37, 43, 45, 48, 103, 148, 153-155] have 
investigated the effect of gasifier temperature on waste tyre gasification. The volatiles composition 
from a gasification process depend on the degree of the equilibrium reached by the gasification 
reactions [156]. Generally, gasification reactions are reversible and a change in temperature can 
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shift the equilibrium point of any of the reactions [156]. Raman et al., 1981 [20] investigated the 
temperature range of 627 - 787 oC for waste tyre gasification and concluded that increasing the 
temperature of the gasifier led to an increase in the product gas yield and reduction in the liquid 
yield while the char yield was nearly constant. Reduction in the liquid yield with increasing gasifier 
temperature was also reported by Leung and Wang, 2003 [15] for the gasification of waste tyre in 
a laboratory scale fluidized-bed reactor between 350 - 900 oC. The authors reported that increase 
in the gasifier operating temperature causes the cracking of heavier hydrocarbons to increase 
thereby resulting in a decrease in liquid yield. Portofino et al., 2011 [15] also investigated the effect 
of gasifier temperature between 550 - 750 oC in a two-stage gasification process (steam 
gasification and catalytic reforming) of waste tyre gasification in a bench-scale rotary kiln 
gasification reactor. The work focused on H2 production from the process. They discovered that 
the highest concentration of H2 produced was obtained at 650 
oC and that above this temperature, 
the reversible water gas shift reaction dominated the catalytic gasification process. Elbaba and 
Williams, 2012 [103] investigated a two-stage pyrolysis-catalytic gasification of waste tyres. The 
result obtained showed as the gasifier temperature from 600 - 900 oC there was a significant 
increase in product gas yield from 14.3 - 56.8 wt.% and H2 production from 3.2 - 12.1 wt%. 
2.8.5 The Effect of Catalyst on Waste Tyre Gasification 
The need to increase reaction rate in gasification process is important hence, the effect of catalyst 
will speed this up. Catalysts such as dolomite (MgCO3.CaCO3), NiO, CaO, Ni/ Al2CO3, Ni/ SiO2, 
Co/Al2CO3, etc. have all been investigated in waste tyre gasification processes [15, 34, 42, 49, 102-
104, 157]. These catalysts have been used to boost the hydrogen production, Portofino et al., 2011 
[15] concluded that in other to maximize the production of hydrogen gas from waste tyre 
gasification, catalysts must be used. Elbaba et al., 2012 [103] investigated the effect of catalyst on 
waste tyre gasification for the production of H2. They investigated effect of Ni/Al2O3 on different 
catalyst to waste tyre ratios, the maximum H2 production of 20 wt.% was observed at catalyst to 
tyre ratio of  2.0 g/g. Zhang et al., 2015 [42] claimed that the main side effect associated with the 
use of catalyst is the deactivation of the catalyst from the char surface.  
2.8.6 The Effect of Feed Rate on Waste Tyre Gasification 
Few researchers [12, 20] have investigated that the tyre feed ratio have effect on gasification of 
waste tyre. Raman et al. (1981) [20] were the first to work on the impact of feed rate in waste tyre 
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gasification. Leung and Wang, 2003 [12] also studied the effect of feed rate in waste tyre 
gasification on gas yield, heating value, energy recovery and fixed carbon conversion. Waste tyre 
feed rates of 2 - 4 kg/hr were observed in a lab-scale fluidized bed reactor. From their results, they 
concluded that the yield, heating value and the energy recovery ratio of the product gases all 
increased as the tyre feed rate increases however, the char yield decreases. The fixed carbon 
conversion and volatile release ratio both increased from 14 - 33% and 84 - 98% respectively.  
2.8.7 The Effect of Pressure on Waste Tyre Gasification 
The operating pressure of gasification process also plays an important role in waste tyre 
gasification process. The importance of pressure has been investigated on granulated waste tyre 
gasification by Lopez et al., 2012 [46]. Pressure between 0.1 MPa - 1.5 MPa were evaluated, they 
observed that the syngas composition, syngas yield, and HHV of the syngas increased as pressure 
increases. Syngas yield of 4.9 Nm3/kg, HHV of 4.1 MJ/Nm3 and a carbon conversion ratio of 98% 
was obtained at the maximum pressure. 
2.8.8 The Effect of Residence Time on Waste Tyre Gasification 
In other to maximize syngas production, residence time of the char is also one of the vital factors 
to be considered in waste tyre gasification. Molino et al., 2018  [35]  reported on the influence of 
residence time on waste tyre gasification. Six experimental tests  with a gasification residence 
times from 60 - 360 mins were investigated At the end of the experiment, it was observed that the 
more the char residence time, the more the burn-off value and more syngas were obtained from 









2.9 Previous works on Carbon Production from Waste tyre Gasification 
Over the years of waste tyre gasification, solid product formation has been overshadowed by the 
production of syngas as the key objective of gasification. Most of the researchers either assume a 
100% carbon conversion which is not so in all cases or discard the chars left over at the end of 
gasification simulation and experiments. Nevertheless, a few authors [12, 19, 20, 35, 38, 41-44]  
have been able to put into use the solid product obtained from tyre gasification. Some experimental 
observations [44, 158] have investigated that the carbon derived from steam activation have a 
surface area of 1000 m2/g which is to a medium-high quality activated carbon which can be used 
for several applications. Raman et al. [20] were the first to report waste tyre gasification and also 
the first to report char production in tyre gasification experiment. They reported gasification at 900 
- 1060 K, within this temperature range, a gas yield between 20% - 52%, liquid yield from 51% 
down to 17%, and char yield 29% - 25%. The data from their experiment indicated that the 
operating temperature tend to increase gas production however due to coking reactions, carbon 
deposition may influence the char yield and it was observed that a further increment in temperature 
will not have any effect on char yield. Leung and Wang, 2003 [12] investigated the characteristics 
of waste tyre gasification in fluidized bed reactor. Tyre powders were gasified within 350 - 900 
oC. The authors studied the effects of ER, feed rate and the particle size of the feedstock. The 
experiment produced a char product (24% - 37%) and a maximum energy recovery of 38% from 
the process. In 2006, Gonzalez et al. [43] worked on the production of activated carbons from 
waste tyre gasification using steam and CO2 as activation agents. Initially, the tyre sample was 
heated in an inert atmosphere (100 cm3/min of N2) and upon reaching desired temperature, the N2 
was substituted with either CO2 or Steam/N2 mixture. For the activation stage, the experiment was 
done in a temperature range of 750 - 900 oC. The steam activation recorded a BET surface up to 
1317 m2/g at 900 oC with 87.5% carbon-burn off value while the CO2 activation recorded a BET 
surface up to 496 m2/g at 850 oC with 61% carbon-burn off value. In 2008, Xiao et al. [19] reported 
the production of carbon black from low temperature gasification of waste tyre in fluidized bed 
reactor.  The authors carried out a laboratory scale experiment between 400 - 800 oC and ER of 
0.2 - 0.6. It was reported that the carbon black yield increases as temperature increases. The carbon 
black surface area obtained fall between 20 - 30 m2/g. In 2009, Galvagno et al. [44] used steam 
and N2 gas to activate the char from the gasification of waste tyres to produced activated carbon. 
Activation temperature of 1000 oC was employed and after 3 hours of activation, the activated 
carbon produced was analyzed to determine the proximate and ultimate analysis as well as the 
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BET specific surface area. From their result, the activated carbon was found to contain 82.7% 
carbon with 9% ash content and specific BET surface area of 548 m2/g. In 2013, Molino et al. [41] 
studied the production of syngas along with low-cost adsorbent (tirecarb). Steam activation of the 
tyre char was carried out and accompanied with N2 gas at a temperature of 920
oC and feeding ratio 
of 0.87 at different activation times. The tirecarb produced was characterized and the BET surface 
area was found to be 34.46 m2/g. In 2015, Zhang et al. [42] investigated the pyrolysis-catalytic 
reforming/gasification of waste tyres for the production of hydrogen and carbon nanotubes. The 
carbon nanotubes formed were characterized using transmission electron microscopy (TEM) and 
Raman spectrometry. This experiment was carried temperature range of 600 - 800 oC, the effect 
of different catalysts was also observed. The authors reported the formation of a multi-walled 
carbon nanotubes from the experiment. In 2018, Molino et al. [35] used a rotary kiln gasifier to 
produced activated carbon. The authors employed a two-step approach, the first being the steam 
gasification followed by char activation. Steam gasification was carried out at a temperature of 
850 oC, while char activation in the presence of nitrogen gas was carried out at 920 oC. After a 3hr 
activation process, an activated carbon with BET surface area of 786 m2/g was obtained along with 
78.4% carbon burn-off value. Carbon burn-off was the metrics used to measure the performance 
of the experiment and they concluded that the higher the burn-off the greater the activated carbon 
micropore widening as well as the strength of the mesospores volume. In 2019, Isaac et al. [38] 
made a thorough investigation into the char produced from waste tyre gasification and co-
gasification. The authors investigated the catalytic influence of the mineral components in the char 
produced from waste tyre. They found out that tyre char has activation energy and pre-exponential 
factor of 174.87 kJ/mol and 3.46 x 10-2 g/cm2s respectively which is relatively higher than coal 
char. They concluded that waste tyre char exhibits reaction order within 0.62 - 0.92 when 
temperature was increased from 1273 - 1573 K as opposed to first order generally assumed in most 
works. The author emphasized that at a temperature of 1373 K, the char C-CO2 reaction 
experienced diffusional control effect at varying extent when compared to coal.  In addition, the 
surface area of the ordinary waste tyre char was also compared to that of acid treated waste tyre 






2.10 Modelling and Simulation of Waste Tyre Gasification Process 
The term ‘modelling of a tyre gasification process’ involves the designation of the equilibrium 
composition of gas produced as a result of the action of the gasifying agent on waste tyre sample 
[159]. Several works have been carried out on the modelling and simulation studies on waste tyre 
gasification in different reactors. In order to develop a simple model that can incorporate the main 
reactions involved in gasification and imitate the physical features of the reactor, a detailed 
computer aided simulation must be investigated. Process simulation software such as ChemCAD® 
[47], Aspen Plus® [37, 39, 90, 160], Ansys Fluent® [26, 40, 161], and Chemical WorkBench® [34] 
have all been used to model waste tyre gasification however, due to the robust nature and ability 
to handle solids, Aspen Plus® has been widely used. Aspen Plus® enables users to model and 
simulate components of integrated process such as gasification using in-built block setting with 
little or no modification with either Fortran, Matlab or Excel [39, 162]. This software has also been 
used to simulate different biomass gasification and coal conversion processes pyrolysis units 
within a gasification reactor [163].  Numerical simulations are very important to help find the 
feasible conditions to operate gasifiers and achieve better gasification outputs. Zang et al., 2019 
[37] investigated the simulation of waste tyres using different models which they categorized into 
two broad groups: the chemical equilibrium model and the kinetic rate model. 
2.10.1 Chemical Equilibrium Model of Waste Tyre Gasification 
Chemical equilibrium models assume that the speed of chemical and physico-chemical reactions 
is extremely fast so that the system remains in thermodynamic equilibrium. The equilibrium 
composition of the reacting mixture will be established if the reagents remain in direct contact for 
long period of time thus, the concentration of reagents reach limit values at thermodynamic 
equilibrium state [164]. There are two approaches to chemical equilibrium modelling in waste tyre 
gasification, and they are; the stoichiometric and the non-stoichiometric approach [159]. In the 
stoichiometric approach, the initial composition of reacting mixture, product streams, set of 
chemical reactions, process condition, and equilibrium constant of the reactions are specified as 
input data. This approach differs in the amount of chemical species that are considered in the 
process [165]. In non-stoichiometric approach, there is no need of specifying the chemical 
reactions or equilibrium constants however, in other to determine the equilibrium composition of 
the mixture, we must compute the number of moles of each of the reagents that corresponds to the 
minimum thermodynamic property [164]. Mitta et al., 2006 [39] were the first to simulate waste 
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tyre gasification process for syngas production using Aspen Plus® built-in chemical equilibrium 
model. In other to investigate the influence of key parameters in waste tyre gasification,  Donatelli 
et al., 2010 [47] employed ChemCAD® equilibrium model. It was reported in this work that the 
steam gasification reactor was modelled with ChemCAD® Gibbs reactor by specifying the 
operating temperatures and gasification reactions. Lerner et al., 2012 [34] employed a 
stoichiometric chemical equilibrium model to simulate steam-plasma gasification of car tyres 
using Chemical Benchwork® software. Janajreh et al., 2013 [90] used a Gibbs free energy 
minimization to solve non-stoichiometric chemical equilibrium model in the plasma gasification 
of waste tyre using Ansys Fluent® CFD simulation software. Adeyemi and Janajreh, 2013 [40] also 
employed thermodynamic equilibrium model coupled with numerical analysis to simulate waste 
tyre gasification an entrained flow reactor. 
2.10.2 Kinetic Model of Waste Tyre Gasification 
Kinetic models are the most widely used models in the evaluation of waste tyre gasification. In 
contrast to chemical equilibrium models, kinetic models describe the char reduction process using 
kinetic rate expressions obtained from experimental study, thereby allowing better simulation of 
the experimental data when the residence time of gas and feedstock sample is relatively short 
[166]. The result in kinetic model are more precise and improves the predictions for long term 
operations [166]. Several kinetic models have been employed in waste tyre gasification studies. 
Zang et al., 2019 [37] employed a one-dimensional kinetic model to simulate waste tyre 
gasification in a downdraft fixed bed reactor.  Zhang et al., 2015 [167] developed a modified 
random pore kinetic model for waste tyre gasification. The results obtained from the model was 
validated with experimental data as well as with the traditional random pore model and it was 
observed that the developed model has a higher accuracy. The application of this model is majorly 
in char gasification under carbon dioxide atmosphere. Molino et al., 2018 [35] employed random 
pore model in the production of steam activated carbon from the gasification of waste tyre. The 
model was based on the Arrhenius equation, the input model parameters where determined by a 
sigmoidal regression of their experimental data. The comparison of their model with their 
experiment show a similar trend for the hold time considered in the gasification process. Isaac et 
al., 2019 [38] attempted the kinetic modelling of C-CO2 gasification of waste tyre char and its 
interaction with coal char during co-gasification using random pore model and grain model under 
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isothermal condition. From their observation, they concluded that grain model was more suitable 
in the co-gasification experiment.  
2.10.3 Gaps in the Modelling and Simulation of Waste Tyre Gasification  
Mitta et al., 2006 [39] performed a modelling and simulation study on syngas production in rotary 
kiln gasification plant however, their simulation study does not account for char production. 
Donatelli et al., 2010 [47] did account for char formation but failed to account for hydrocarbon 
formation and assumes only five species (H2, CO, CO2, CH4, C) were formed in the rotary kiln 
waste gasification simulation process. Janajreh et al., 2013 [90] focused solely on syngas 
production from plasma gasification and conventional gasification of waste tyre, the authors did 
not account for solid production. Adeyemi and Janajreh, 2013 [40] and Zang et al., 2019 [37] also 
did not account for the char production as well in their simulation study. Few other works have 
been carried out on the modelling and simulation processes of waste tyre gasification in different 
gasifiers using different models however, a single step two-stage gasification and activation has 
not been attempted. The closest attempt was by Molino et al., 2019 [35] who employed a two-step 
process for the steam gasification and steam activation of waste tyre char. 
 
2.11 Summary  
This chapter has presented an insight into the concepts of waste tyre, waste tyre derived fuel, waste 
tyre thermo-chemical conversion processes, types of gasifiers used in waste tyre gasification, 
previous studies on carbon product production from the process as well as previous modelling and 
















This chapter introduces the model description as well as the simulation procedures employed in 
this study. The waste tyre gasification process for the co-production of gaseous and high value 
solid products in three different gasifiers (fixed bed reactor, fluidized bed reactor and rotary kiln 
reactor) were simulated and modelled using Aspen simulation software. A one-dimensional kinetic 
model was employed to model the fixed bed and rotary kiln while the fluidized bed was modelled 
using a semi-empirical model [37, 168, 169]. A number of steps that summarizes the overall tyre 
gasification and activation steps such as drying, gasification, combustion and the char activation 
for the three different configurations (fluidized bed reactor, fixed bed reactor and rotary kiln 
reactor) are illustrated in Figure 3.1.    
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Figure 3.1: Process flow diagram for fluidized bed reactor (blue), fixed bed reactor (green) and rotary kiln reactor (orange) used in waste tyre  
gasification for  the co-production of syngas and high-valued carbon products (Source: Begum et al. 2013 & 2014 [170, 171])
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3.2 Waste Tyre Gasification Kinetic Model Description  
In kinetic model, two distinct zones are identified in the reactor which are the pyro-oxidation (Zone 
– I) and reduction zones (Zone – II) [168]. Equilibrium assumptions are assumed in the pyro-
oxidation zone and these assumptions were used to simulate the drying, pyrolysis and combustion 
zones while the kinetic model is applied to the reduction zone to compute the final products [172].  
The major assumptions considered in modelling the reactor are: 
1. The gaseous species at the end of Zone-I are in chemical equilibrium. 
2. The reduction zones of the gasifiers were considered to be one-dimensional. 
3. The fixed carbon in the feedstock sample has the same molar mass as the total carbon. 
4. All elements except sulphur takes part in the chemical reaction. 
5. The gas specific heat differs with the temperature while that of the char and ash are not 
affected by temperature change. 
6. The transport of energy in the reduction zone occur mainly via convection of gas while 
conduction plays little role. 
7. Heat losses from the gasification reactor occur in the oxidation zone with higher 
temperature while heat losses from the reduction zone are very small because it is 
bounded by producer gas with high temperature flowing towards the exhaust. 





Figure 3.2 Fixed bed waste tyre gasification one-dimensional model (Source: Zang et al., 2019 
[37]) 
 
3.2.1 Modelling of the Pyro-oxidation zone (Zone – I) 
A general formula (CHmOn) can be obtained for the combustible part of the waste tyre sample with 
the assumption that the feedstock contains only C, H and O [168]. The values of m and n can be 













where %C, %H and %O are the percentage composition of carbon, hydrogen and oxygen in the 
waste tyre sample and MWC, MWH and MWO are their molecular weights respectively. The waste 
tyre percentage moisture content was accounted for separately in the equation of the chemical 
reactions of this zone [168]. In Zone – I, the fuel sample undergoes pyrolysis and oxidation in a 
sub-stoichiometric environment in the presence of air. The air amount is determined from the 
equivalence ratio (ER) which the reactor is being operated. Waste tyre conversion into the product 
mixture in the pyro-oxidation zone follows a general reaction as shown in equation 3.3  [168]. 
 
(CHmOn)(s) +wH2O(g) + a(O2 + 3.76N2)(g)  
⇓  
x1H2g + x2COg + x3CO2g + x4H2Og + x5CH4g + x6N2g + x7C(s)   3.3 
 
 
where w is the number of moles of moisture in the feedstock sample and a is the number of moles 
of oxygen from air per mole of the combustible feed sample can obtained as follows: 
 






      3.4 
 
where MC and ASH are the moisture and ash content in the waste tyre sample as obtained from 











`         3.5 
 
where ER is the equivalence ratio of the air-to-waste tyre mixture supplied to the reactor. It is 














where ṁO it the mass flowrate of the actual oxygen, ṁwt is the waste tyre mass flowrate, and ṁO,st 
is the mass flow rate of the stoichiometric oxygen.  The values of x1through x7 are the number of 
moles of each specie produced in this zone from one mole of waste tyre (CHmOn). The seven 
unknowns (x1 − x7) requires seven different equations. The C, H, O and N atoms balance offer 
four equations as shown below [168]. 
 
C Balance: 1 = x2 + x3 + x5 + x7       3.7 
H Balance: m+ 2w = 2x1 + 2x4 + 4x5      3.8 
O Balance: n + w + 2a = x2 + 2x3 + x4       3.9 
N Balance: 3.76a = x6        3.10 
 
Following the water-gas shift equilibrium reaction (R1) in Table 3.1, CO, H2O, CO2 and H2 
chemical equilibrium has been considered in Zone – I. The reaction equilibrium constant (k1) is a 















Table 3.1: Gasification reactions (Source: Zang et al., 2019 [37]) 




Water Shift Reaction COg +H2Og⟶ CO2g + H2g   -41  R1 
Methanation Reaction Cs + 2H2g⟶ CH4g  -75 R2 
Boudouard Reaction Cs + CO2g⟶ 2COg  +172 R3 
Water gas Reaction Cs + H2Og⟶ COg + H2g  +131 R4 
Methane Reforming Reaction CH4g + H2Og⟶ COg + 3H2g      +208 R5 
Combustion Reactions Cs +
1
2










O2g⟶ H2Og  
-242 R8 
 
Furthermore, in the Zone – I, CH4 is assumed to be produced via the methanation reaction (R2) at 





2         3.12 
 
where 𝑘2 is the methanation reaction equilibrium constant. The equilibrium constants (𝑘1, 𝑘2) 
values can be obtained from change in Gibbs functions between the gaseous species in the products 
and reactants at the zone temperature as: 
 
















)     3.13 








)       3.14 
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where R is the universal gas constant (8.314 kJ/kmol K), T is the zone temperature which was 
obtained from the energy balance across the zone factoring the heat loss (Qloss) from the 
gasification reactor, g̅i
0is the Gibbs function. The char yield from the waste tyre fuel obtained as 
the fixed carbon value from the proximate analysis of dry waste tyre sample and it is divided into 
solid carbon and methane formed on the char surface at the outlet of Zone – I, Therefore, 
 
x5 + x7 =
FC
C
          3.15 
 
where FC is the percentage fixed carbon in the waste tyre sample from proximate analysis and C 
is the percentage carbon content as obtained from the elemental analysis. Since it is assumed that 
the kinetic and potential energy changes were neglected in all the streams therefore, a steady state 
steady flow energy equation was be applied across the zone as: 
 
Hin + Qloss = Hout        3.16 
 
where Hin is the enthalpy entering the zone and Hout is the enthalpy leaving the zone. As heat is 
given off from Zone-I of the reactor, Qloss has a negative value. One mole of the combustible part 
of fuel basis, equation 3.16 may be expressed as: 
 
h̅fwt
0 + a ∫ c̅p,O2dT
Ta
To
+ 3,76a ∫ c̅p,N2
Ta
To
dT + wh̅fH20 + Qloss 
=∑xi [h̅fi
0 + ∫ c̅p,idT
T
T0








The contributions of the gaseous products where H2, CO, CO2, H2O, CH4, and N2 are represented 
by i = 1 − 6 respectively, the ash and char in the exit energy stream were accounted for separately. 
In equation 3.17 above, c̅p,i and h̅fi
0  represent the specific heat capacities and enthalpies of 
formation of different species respectively, Ta is the air temperature fed into the gasification 
reactor, the waste tyre sample is fed at the room temperature (25 oC). Variations in the gaseous 
species specific heat capacity with temperature have been accounted as: ?̅?𝐩,𝐢 = 𝐚𝐢 + 𝐛𝐢𝐓 + 𝐜𝐢𝐓
𝟐 +
𝐝𝐢𝐓
𝟑 where the values of ai, bi, ciand di were obtained from Perry [173], however the values of 
the specific heat capacities of char and ash are given as 23.4 J/K [174] and 0.84 J/gK [175] 
respectively. 
3.2.2 Modelling of the Reduction zone (Zone – II)  
The products formed in Zone – I are been reduced here to the final product gases based on 
chemical reactions controlled kinetically. The reduction reactions considered are reactions R2 – 
R5 from Table 3.1. 
The rates of each of the four chemical reactions were evaluated considering the reactions 
to be reversible. The specific rates of reaction are expressed using an Arrhenius type kinetic rate 
equation with activation energy (ER) and pre-exponential factor (AR) for each of the reactions. The 
forward reactions kinetic parameters were obtained from Wang and Kinoshita [176] while the 
specific rates of reactions and equilibrium constants of the reversible reactions were evaluated 
from the forward reactions. The net reactions rates are expressed by: 
 







)     3.18 
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The char reactivity factor (CRF) accounts for the active sites on the surface of the char. The 
equilibrium constants (kRi) are also obtained as: 
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The product gas goes into the reduction zone with the same conditions as the exit of the pyro-
oxidation zone. The flowrate of each species at the entrance of the reduction zone was calculated 






xi.      i = 1 to 7      3.26 
 
where xi is the number of moles of species i formed per mole of CHmOn in the pyro-oxidation 





         3.27 
 
The reduction zone geometry has been carefully considered to be divergent in nature just as 
perceived by Jayah et al. [144]. The whole zone was divided into several elemental control 
volumes with even temperature and concentrations. Mass and energy balances of the species were 
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performed across each of the control volume considering the rate of formation and/or consumption 
of the species following the various reaction equations and heat loss from the reactor [37]. The 





k∆Vk        3.28 
 
where Ri
kis the net formation rate of species i in the kth control volume and ∆Vk is the volume of 
the respective control volume.  
 
Table 3.2: Net rate of formation in terms of the rates of reaction of the different species (Source: 
Zang et al. 2019 [37]) 
Species Ri (mol m-3 s-1) 
H2 rR2 − 2rR4 + 3rR5  
CO 2rR2 + rR3 + rR5    
CO2 −rR2  
H2O −rR2 − rR5  
CH4 rR4 − rR5   
N2 0 
C −rR2 − rR3 − rR4  
 
The reduction zone temperature within a control volume (k) was calculated by using the energy 
balance equation across the control volume as: 
∑Xi
k−1(h̅fi








k−1 − T0) +mashcp.ash(T












k − T0) +mashcp.ash(T
k − T0) 




k ̇  represents the rate of heat loss from the kth control volume of the Zone – II. The heat 
loss from the reactor was neglected because the hot gas moves up towards the surrounding of the 
exhaust in this zone. The solutions of equation 3.28 for all the seven species (i = 1 – 7) and equation 
3.29 evaluated the species concentrations and temperature at the outlet of the control volume k. 
This solution proceeds for all the control volumes into which this zone was divided. The  
temperature and concentrations of the species at the exit of the last elemental control volume of 
the zone determines the values in the product gases exiting the reactor [37]. 
 
 
3.3 Semi-empirical Model 
Semi-empirical models have been used to model gasification processes however Zang et al., 2019 
[37] are the only authors to have applied it to waste tyre gasification process. Table 3.3 presents 
the previous semi-empirical models that have been used in gasification process.  
Table 3.3: Semi-empirical models and gasification conditions (Source: This Study) 
 Zang et al. (2018b) 
[177] 
Zang et al. (2019) 
[37] 
Hannula & Kurkela 
(2010)[178]  
Feed Sawdust Waste Tyre Sawdust 
Equivalence Ratio  0.27 0.2 – 0.50 0.28 – 0.39 
Steam-to-O2 Ratio 2.04 NS NS 
Steam-to-Fuel Ratio NS 0.01 – 0.43 NS 
Air-to-Fuel Ratio NS NS 1.37 – 2.33 
Reaction Temp (oC) 810 NS 856 – 955 
Carbon Conversion 25 ∗ ER + 83.75  NS 25.7 ∗ ER + 88.5  
𝐍𝐇𝟑 (%) NS 0.118 − 0.2 ∗ ER  0.819 − 1.154 ∗ ER  
𝐂𝐇𝟒 (%) 10.13 − 16.67 ∗ ER 10.13 − 16.67 ∗ ER 0.5166 − 0.8621 ∗ ER  
𝐂𝟐𝐇𝟐 (%) 0.46 0.46 0.0046 
𝐂𝟐𝐇𝟒 (%) 1.45 − 3.25 ∗ ER  1.45 − 3.25 ∗ ER  0.138 − 0.311 ∗ ER  
𝐂𝟐𝐇𝟔 (%) 0.21 − 0.4 ∗ ER  0.21 − 0.4 ∗ ER  0.02 − 0.0038 ∗ ER  
ER = Equivalence ratio, NS = Not Specified 
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3.4 Simulation Description 
The simulation of the gasification processes was done within Aspen Plus® simulation environment. 
A single stage gasification and activation approach was employed in this study which consists of 
four major blocks and they include; the decomposition (devolatilization) block where the waste 
tyre which was introduced as a non-conventional solid is broken down into light gases, char and 
tar [179]. The decomposition process was carried out in Aspen RYield reactor and output was 
represented by the proximate and ultimate analysis components as presented in Table 3.4 as 
obtained from literature. A devolatilization temperature of 500 oC was employed for the process, 
the ash produced was removed from the first separator (SEP-1) while the volatile matter as well as 
solid carbon moved into the gasification reactor (RGibbs) [170]. The fluidized bed gasifier was 
simulated using the semi-empirical model proposed by Hannula and Kurkela (2010) [37, 178] 
while the fixed bed and rotary kiln reactors were simulated using the one-dimensional kinetic 
model. 
 
Table 3.4: Waste tyre sample analysis (Source: Zang et al., 2019 [37]) 
Proximate Analysis (wt %) 
Moisture  0.9 
Volatile Matter  66.3 
Fixed Carbon  27.04 
Ash  6.66 
Ultimate Analysis (wt %) 
C  81.74 
H  7.06 
N  0.3 
S  1.82 
O  2.42 
Calorific Value (MJ/kg) 




The overall model consists of 8 major units namely; the decomposition unit, hydrocarbon 
formation unit, ash removal unit/volatile separator unit, gasification unit, char separator unit, char 
activation unit, carbon product separation unit, syngas mixing unit as shown in Figures 3.3 - 3.5.  
Tyre Decomposition (Unit 1): The waste tyre feedstock is defined in Aspen Plus simulation 
environment as a nonconventional material as defined by proximate and elemental analysis results 
obtained from literature. This unit is represented by Aspen RYield reactor which converts the tyre 
into Carbon, Hydrogen, Oxygen, Nitrogen, Sulphur and Ash [37, 180].  
Hydrocarbon Formation (Unit 2): During the decomposition process, volatile hydrocarbons are 
formed following the semi-empirical model approach for the fluidized bed reactor while  the rotary 
kiln and  fixed bed reactors hydrocarbon formation was modelled with the one-dimensional model, 
these volatiles formation process is introduced into the system via Fortran subroutine defined 
within a calculator block as shown in the simulation process flowsheet. This unit is only included 
in the fluidized bed system and the rotary kiln while the fixed bed model assumes no hydrocarbons 
are formed. 
Ash Removal/Volatile Separator (Unit 3): The ash removal/volatile separation unit is designed 
to remove all the ash in the decomposition process and feedforward the hydrocarbons (CH4, C2H2, 
C2H4, and C2H6) formed in the fluidized bed and rotary kiln gasification process. This is 
represented by the SEP–1 block. 
Gasification (Unit 4): This is where the main gasification operation takes place at specified 
temperature. This unit is represented by the Aspen RGibbs reactor. In gasification unit, air and 
steam react with the volatiles and fixed carbon following the gasification reactions to produce 
syngas and char product under chemical equilibrium.  
Char Separator (Unit 5): After gasification, the char is being separated from the gaseous 
composition in this unit. The separator is represented by a separator block SEP–2 block. 
Char Activation (Unit 6): The Aspen plus flowsheet depicts a single stage activation process i.e. 
the char which leaves the gasifier is being introduced into another reactor where it is being 
activated with steam and air. This unit is also represented by Aspen RGibbs reactor. 
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Carbon Product Separation (Unit 7): This is similar to the char separator, here, the activated 
carbon product is separated from the syngas generated during the activation stage. 
Syngas Mixing (Unit 8): In this unit the syngas generated during the gasification stage and 




Figure 3.3: Fluidized bed gasification Aspen plus® flow diagram 
 
 




Figure 3.5: Rotary kiln gasification Aspen plus® flow diagram 
 
3.5 Gasification-Activation Overview 
A single-stage gasification and activation was employed in this study, the waste tyre was fed at 
room temperature of 25 oC into the system, while steam and air mixture acts as the gasification 
agent. The char produced at the end of the gasification stage was introduced into the activation 
reactor. The activation stage process was carried out with steam acting as the activation agent. 
Steam activation was preferred in other to increase the pore size (porosity) of the char after 
activation [35]. Pure nitrogen was also introduced into the activation reactor at its boiling point (-
196 oC) in order to have an efficient surface probing of the char. Nitrogen was preferred in this 
study in order to prevent excess burn-off and also to reduce the formation of CO2. Activation is 
typically carried out at higher temperature typically around 900 oC [35].  Figure 3.6 shows the 









3.6 Data Evaluation 
This section defines the evaluation parameters employed in the gasification process of the three 
gasifiers as well as the formulas used in estimating them. The gas yield, gas lower heating value, 
cold gas efficiency, carbon conversion ratio, char efficiency, and BET surface area are the primary 
evaluation parameters studied. 
3.6.1 Gas Yield (𝐘𝐠) and Heating Value (𝐋𝐇𝐕𝐠) 
The gas yield is used to quantify the rate of conversion of gaseous species in the experiment. It is 
computed by dividing the volumetric flow rate of gaseous species by mass flow rate of the feed as 
shown in Equation 3.30. The heating value is of the syngas can be obtained from Equation 3.31. 
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          3.30 
LHVg = 10.789yH2 + 12.625yCO + 35.818yCH4 + 56.044yC2H2 + 59.034yC2H4 +
63.719yC2H6          3.31 
where Yg is the syngas yield in the unit of Nm
3/kg, V̇g is the volume flow rate of syngas products 
at the standard state of 1 atm and 25 °C, ṁf is the mass flow rate of feedstock, LHVg is the lower 
heating value of syngas, yi is the mole fraction of species i in the syngas mixture [37]. 
3.6.2 Carbon Conversion Ratio (CCR) 
The carbon conversion ratio is the ratio of mole of carbon in the product stream to the mole of 
carbon in the feed. The CCR can be calculated from Equation 3.32 
 
CCR =
(ṅCO+ṅCO2+ṅCH4+2 ṅC2H2+2 ṅC2H4+2 ṅC2H6)
ṅC,f
     3.32 
 
where CCR is the carbon conversion ratio, ṅi is the molar flowrate of species i, and ṅC,f is the 
carbon molar flow rate of feedstock [37]. 
3.6.3 Cold Gas Efficiency (CGE), Syngas Efficiency (𝛈𝐠) and Char Efficiency (𝛈𝐜𝐡𝐚𝐫) 
The cold gas efficiency, the syngas and char efficiencies produced at the end of the gasification 
stage were computed with the formula below [37, 46, 181]: 
 
CGE = Yg ×
LHVg
LHVf










         3.35 
where CGE, ηg, and ηchar are the energy efficiencies of cold gas, syngas and char, LHVg, LHVchar 
and LHVf are the lower heating values of syngas, char and feedstock. 
For char heating value, there has not been any empirical data yet, however, models from the 
literature were chosen [182, 183]. Equations 3.36a and 3.36b relate the char heating value to char 
amount:  
 
LHVchar  =  16700 + 
2930
Ychar 
  for Ychar >  0.7     3.36a 
LHVchar =  34000 for Ychar <  0.7       3.36b 
 
where Ychar is the amount of char and it can be obtained from any of the experimental correlations 
obtained by Nadege and Henrik [184]. This expression is not very convenient, because if one of 
the relations for the amount of char (3.37a - 3.37c) is used; from a temperature of (600 oC) 973 K, 
the heating value of char remains constant at 34 MJ/kg. Another correlation from literature directly 
related with char composition was used (equation 3.38) [184]:  
 
Ychar = 180 × exp (−0.0037 × GT)       3.37a 
Ychar = 90 × exp(−0.0027 × GT)        3.37b 
Ychar = 5/(1 − 1.25 × exp(−5 × 0.0002 × GT))     3.37c 
 
where GT is the gasifier temperature (oC) 
 




where XC,char, XH,char and XO,char are the molar composition of carbon, hydrogen and oxygen 
elements present in the char and can also be computed via the correlation given in equation 3.39 – 
3.41 [183]. 
 
XC,char = 0.069 × GT + 28.38       3.39a 
XC,char = 98 × (1 − 0.7 × exp (−0.0018 × GT))     3.39b 
XC,char = 98/(1 + exp (−98 × 0.00035 × GT))     3.39c 
XH,char = −0.0048 × GT + 50       3.40a 
XH,char = 53 × exp (−0.00177 × GT)      3.40b 
XO,char = 25 × exp(−0.0027 × GT)       3.41 
 
3.6.4 Brunauer-Emmett-Teller (BET) Surface area Evaluation 
The aim of BET test in this study is to explain the physical adsorption of gas molecules on the 
activated carbon. Nitrogen is one of the most commonly used adsorbates in BET analysis for 
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where p and po are the are the equilibrium pressure and saturation pressure of adsorbate at the 
adsorption temperature, v is the quantity of adsorbed gas and vm is the quantity of the adsorbed gas 
monolayer and c is the BET constant. 
Equation 3.42 is an adsorption isotherm which can be plotted in the form of a straight-line equation 










          3.44 
 
where A and I are the slope and intercept. 
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where N is the Avogadro Number, s is the adsorption cross section of the adsorbing species, V is 





















RESULTS AND DISCUSSION 
 
4.1 Introduction 
This chapter presents the results obtained from the simulation of a waste tyre gasification process 
in three different reactor configurations. The three reactor configurations are fluidized bed reactor, 
fixed bed reactor and rotary kiln reactor. The main aim of the gasification of waste tyre is the 
production of syngas and solid carbon product. Waste tyre gasification in the fluidized bed reactor 
was modelled using a semi-empirical equilibrium model and while a kinetic model was used in 
the modelling of waste tyre gasification in the fixed bed reactor and rotary kiln reactor. The 
optimum conditions to produce syngas and carbon product in each of the reactor configurations 
were determined. Lastly, a comparative analysis of the co-production of syngas and carbon solid 
product for the three reactor configurations was carried out. 
 
4.2 Fluidized Bed Waste Tyre Gasification 
The fluidized bed waste tyre gasification process was simulated under different gasification 
conditions namely: equivalence ratio (ER), steam-to-fuel ratio (SFR) and gasifier temperature 
(GT) and the effect of these parameters on syngas composition, gas yield, gas LHV, cold gas 
efficiency, char efficiency and carbon conversion ratio were evaluated.   
4.2.1 Effect of Equivalence Ratio (ER) on Fluidized Bed Waste Tyre Gasification 
A total of six (6) simulations with each representing ER values from 0.18 to 0.38 were carried out 
at an optimum temperature of 800 oC, SFR of 0.1 as observed by the model test experiment carried 
out by Zang et al. (2019) [37] to check the effect of ER on fluidized bed waste tyre gasification.  
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4.2.1.1 Effect of Equivalence Ratio (ER) on Syngas Composition from Fluidized Bed Waste 
Tyre Gasification 
The effect of ER on syngas composition from the fluidized bed waste tyre gasification process was 
evaluated and illustrated in Figure 4.1. It can be deduced that as the ER increases from 0.18 to 
0.38, the concentration of H2 and CO reduced from 30.1% to 15.3% and 28.1% to 26.4 
respectively. The concentration of the other gasification product increased; CO2 from 0.76% to 
0.95% and N2 from 41% to 57% respectively which a similar trend was also observed by Zang et 
al. (2019) [37]. This is because an increase in ER leads to an increase in the air reacting with the 
waste tyre sample which causes an increase in N2 content in the air and production of more CO2 








4.2.1.2 Effect of Equivalence Ratio (ER) on Gas Yield and Gas LHV from Fluidized Bed 
Waste Tyre Gasification 
The effect of ER on gas yield and gas heating value from fluidized bed waste tyre gasification was 
evaluated and illustrated in Figure 4.2. An increase in the ER from 0.18 to 0.38 led to an increase 
in the gas yield from 3.42 Nm3/kg to 5.64 Nm3/kg while the LHV of the gas decreased from 7.20 
MJ/Nm3 to 5.26 MJ/Nm3. This indicate that when more air is supplied into the fluidized bed 
reactor, a higher gas yield is achieved, however the heating value of the syngas is reduced as results 
in the reduction of heating value of gases such as CH4, H2 and C2Hn. A similar trend in the gas 








4.2.1.3 Effect of Equivalence Ratio (ER) on Carbon Conversion Ratio (CCR), Cold Gas 
Efficiency (CGE) and Char Efficiency from Fluidized Bed Waste Tyre Gasification 
The effect of ER on the carbon conversion, char efficiency and cold gas efficiency from the 
fluidized bed waste tyre gasification was evaluated and illustrated in Figure 4.3. It can be deduced 
that as the ER increases more carbon was converted as a result of increase in combustion rate. At 
ER value of 0.18, 71% of the carbon in the feedstock was converted into gaseous products while 
at ER of 0.38, the carbon was completely converted. Similarly, as ER increases from 0.18 to 0.38, 
the CGE of the gas increased from 69% to 83.1% which implies the higher the ER the higher the 
efficiency of the gasification process. The char efficiency is a function of reactor temperature 
hence, an increase in the ER has no significant increment in the efficiency of the char just as 
observed by Zang et al. (2019) [37]. As ER increases from 0.18 to 0.34, a constant value of 38.3% 
was observed while at 0.38, there is no char produced. 
 
Figure 4.3: Effect of ER on CCR, CGE and char efficiency in the fluidized gasifier 
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4.2.1.4 Effect of Equivalence Ratio (ER) on Activated Carbon (AC) produced from Fluidized 
Bed Waste Tyre Gasification 
The char obtained from the fluidized bed waste tyre gasification process was activated in the 
presence of steam and pure nitrogen gas. As earlier observed that an increase in ER implies more 
air is being introduced into the reactor and this led to an increase in the combustion rate of the 
char. Therefore, a reduction in the solid char produced at the end of the gasification stage will 
indirectly lead to a reduction in AC produced from 1174 kg to 47.4 kg. The BET surface area of 
the AC is inversely proportional to the quantity of the AC produced hence, as ER increases from 
0.18 to 0.34, the BET surface area increases from 177.41 m2/g to 771.5.47 m2/g.  At very high ER 
values (> 0.34), all the carbons in the fluidized bed gasification process were completely converted 
into syngas hence, there was no solid char left for activation. Table 4.1 presents the summary of 
the results obtained from char activation as well as the BET surface area computed for the fluidized 
bed waste tyre gasification. 
 
Table 4.1: Effect of ER on AC formation from fluidized bed waste tyre gasification 
ER Feed              
(kg) 
Char              
(kg) 




% Increase in BET 
Surface area   
0.18 5400 1761.76 1174.11 - 177.41 - 
0.22 5400 1339.19 892.50 24% 233.39 31% 
0.26 5400 916.62 610.87 31% 340.98 46% 
0.3 5400 494.03 329.24 46% 632.65 86% 
0.34 5400 71.44 47.61 86% 771.47 22% 




4.2.2 Effect of Steam-to-fuel Ratio (SFR) on Fluidized Bed Waste Tyre Gasification 
A total of four (4) simulation experiments were carried out at an ER value of 0.3 and optimum 
gasifier temperature of 800 oC as observed by Zang et al. (2019) [37] to evaluate the effect of 
steam-to-fuel ratio. The SFR was varied from 0.1 to 0.25 for the fluidized bed waste tyre 
gasification process. 
4.2.2.1 Effect of Steam-to-fuel Ratio (SFR) on Syngas Composition from Fluidized Bed 
Waste Tyre Gasification 
The effect of SFR on the fluidized bed waste tyre gasification syngas composition was evaluated 
and presented in Figure 4.4. As the SFR increases, the percentage composition of CO and H2 
exhibits a trend that slowly increases from 28.1% to 29.1% and 20.2% to 21.8% respectively. This 
can be explained the steam reactions (Cs + H2Og⟶ COg +H2g and CH4g + H2Og⟶ COg +
3H2g) which produces more CO and H2 because of increase in the amount of steam. Changes in 
CH4, C2Hn, and CO2 concentration are negligible when SFR was increased. An increase in steam 
flow causes the syngas composition to increase slightly in the experiment. A similar trend was also 
observed in the waste tyre gasification experiments by Donatelli et al. (2010) [47] and Karatas et 




Figure 4.4: Effect of SFR on syngas composition in the fluidized bed gasifier 
 
4.2.2.2 Effect of Steam-to-fuel Ratio (SFR) on Gas Yield and Gas LHV from Fluidized Bed 
Waste Tyre Gasification 
The effect of SFR on gas yield and gas LHV from fluidized bed waste tyre gasification was 
evaluated and illustrated in Figure 4.5. An increase in the SFR from 0.10 to 0.25 resulted in a slight 
increase in the gas yield from 4.72 Nm3/kg to 4.85 Nm3/kg and a slight increase in the LHV of the 
gas from 6.08 MJ/Nm3 to 6.36 MJ/Nm3. This implies that the change in the steam content for 
fluidized bed waste tyre gasification does not have a significant impact on the syngas yield and 





Figure 4.5: Effect of SFR on gas yield and gas LHV in the fluidized bed gasifier 
 
4.2.2.3 Effect of Steam-to-fuel Ratio (SFR) on Carbon Conversion Ratio (CCR), Cold Gas 
Efficiency (CGE) and Char Efficiency from Fluidized Bed Waste Tyre Gasification 
The effect of SFR on the carbon conversion, cold gas efficiency and char efficiency from the 
fluidized bed waste tyre gasification was evaluated and presented in Figure 4.6.  It can be deduced 
that as the SFR increases more carbon was converted as a result of increase in the reaction between 
the steam and carbon (water gas reaction). At an SFR of 0.10, about 91.9% of the carbon in the 
feedstock was converted into gaseous products while at a higher SFR of 0.25, all the carbon has 
been converted which implies the higher the SFR, the higher char conversion rate. The reason is 
that more steam is available to react with char and hence more syngas is produced. This same trend 
was observed by Donatelli et al. (2010) [47]. Similarly, as SFR increases from 0.10 to 0.25, the 
CGE of the gas increases from 80.3% to 86.4% which implies the higher the SFR the higher the 
efficiency of the gasification process. The char efficiency is a function of the gasifier temperature 
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hence, an increase in the SFR has an insignificant increase in char conversion. At SFR value of 
0.10 to 0.20, a constant value of 37.2% was observed while at 0.25, there is no char produced. 
 
 
Figure 4.6: Effect of SFR on CCR, CGE and char efficiency in the fluidized bed gasifier 
 
4.2.2.4 Effect of Steam-to-fuel Ratio (SFR) on Activated Carbon (AC) produced from 
Fluidized Bed Waste Tyre Gasification 
Table 4.2 presents the summary of the results obtained from the effect of SFR on AC obtained 
from char gasification as well as the BET surface area of the AC from the fluidized bed waste tyre 
gasification simulation process. From the results it can be observed that an increase in SFR led to 
a reduction in solid char produced at the end of the gasification stage which indirectly led to a 
reduction in AC produced from 329.1 kg to 89.2 kg. This implies that the higher the SFR, the 
lower the AC produced from the activation stage. The BET surface area of the AC is inversely 
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proportional to the quantity of AC produced; therefore, an increase in SFR from 0.1 to 0.20 lead 
to an increase from in the BET surface area 632.9 m2/g to 2336.05 m2/g. However, at SFR of 0.25, 
all the carbon has been converted hence, no char nor AC was produced at this condition.  
 
Table 4.2: Effect of SFR on AC formation from fluidized bed waste tyre gasification 
SFR Feed                
(kg) 
Char               
(kg) 






% Increase in 
BET Surface area   
0.1 5400 493.8 329.1  632.91  
0.15 5400 313.8 209.1 36.5% 995.98 57.4% 
0.20 5400 133.8 89.17 57.4% 2336.05 134.6% 
0.25 5400 0 0 100% - - 
 
 
4.2.3 Effect of Gasifier Temperature (GT) on Fluidized Bed Waste Tyre Gasification 
A total of four (4) simulations were carried out to evaluate the effect of gasifier temperature on 
fluidized bed waste tyre gasification process. GT values from 700 oC to 1000 oC were employed 
at a constant ER value of 0.3 and SFR value of 0.1. 
4.2.3.1 Effect of Gasifier Temperature (GT) on Syngas Composition from Fluidized Bed 
Waste Tyre Gasification 
The effect of GT on the fluidized bed waste tyre gasification syngas composition was evaluated 
and illustrated in Figure 4.7. It can be observed that as the GT increases, there was no significant 
change in syngas composition in the fluidized bed gasifier. This shows that temperatures above 
optimum gasifier temperature does not play a substantial role in the composition of syngas 
produced from fluidized bed waste tyre gasification. This similar pattern was also observed by 




Figure 4.7: Effect of GT on syngas composition in the fluidized bed gasifier 
 
4.2.3.2 Effect of Gasifier Temperature (GT) on Gas Yield and Gas LHV from Fluidized Bed 
Waste Tyre Gasification 
The effect of GT on gas yield and gas LHV from fluidized bed waste tyre gasification was 
evaluated and illustrated in Figure 4.8. It was observed that an increase in the GT from 700 oC to 
1000 oC has no significant effect in gas yield and gas LHV. This implies that an increment in the 





Figure 4.8: Effect of GT on gas yield and gas LHV in the fluidized bed gasifier 
 
4.2.3.3 Effect of Gasifier Temperature (GT) on Carbon Conversion Ratio (CCR), Cold Gas 
Efficiency (CGE) and Char Efficiency from Fluidized Bed Waste Tyre Gasification 
The effect of GT on the carbon conversion, cold gas efficiency and char efficiency from the 
fluidized bed waste tyre gasification was also evaluated and illustrated in Figure 4.9. From the 
obtained results, it can be deduced that as the GT increases there was very minimal conversion of 
waste tyre to char. At GT of 700 oC, about 91.9% of the carbon in the feedstock was converted 
into gaseous products and as GT increases it has a very minimal effect on CCR at constant ER and 
SFR. Similarly, as GT increases from 700 oC to 1000 oC, there was no significant effect on CGE 
of the fluidized bed waste tyre gasification. GT plays a significant role in char efficiency unlike 
the ER and SFR which has minimal effect in the char efficiency. An increase in the GT from 700 




Figure 4.9: Effect of GT on CCR, CGE and char efficiency in the fluidized bed gasifier 
 
4.2.3.4 Effect of Gasifier Temperature (GT) on Activated Carbon (AC) produced from 
Fluidized Bed Waste Tyre Gasification 
Table 4.3 presents the summary of the results obtained from the effect of GT on AC obtained from 
char gasification as well as the BET surface area of the AC from the fluidized bed waste tyre 
gasification process. From the results it can be observed that an increment in GT has a negligible 
effect on solid char produced at the end of the gasification stage which also led to a negligible 
effect in AC produced as GT increases from 700 oC to 1000 oC. The BET surface area of the AC 





Table 4.3: Effect of GT on AC formation from fluidized bed waste tyre gasification 
GT Feed                
(kg) 
Char               
(kg) 






% Increase in 
BET Surface area   
700 5400 494.18 329.34 - 632.47 - 
800 5400 493.83 329.11 0.070% 632.91 0.070% 
900 5400 493.47 328.75 0.11% 633.60 0.11% 
1000 5400 493.00 328.56 0.058% 633.97 0.058% 
 
 
4.3 Fixed Bed Waste Tyre Gasification 
The fixed bed waste tyre gasification process was simulated under different gasification conditions 
(ER, SFR and GT) and the effect of these parameters on syngas composition, gas yield, gas LHV, 
cold gas efficiency, char efficiency and carbon conversion ratio were evaluated.   
 
4.3.1 Effect of Equivalence Ratio (ER) on Fixed Bed Waste Tyre Gasification 
In a similar manner to the fluidized bed waste tyre gasification simulation process, a total of six 
(6) simulations each representing the ER value from 0.18 to 0.38 were carried out at an optimum 
temperature of 800 oC, SFR of 0.1 as observed by the model test experiment carried out by Zang 
et al. (2019) [37] to check the effect of ER on fixed bed waste tyre gasification.  
 
4.3.1.1 Effect of Equivalence Ratio (ER) on Syngas Composition from Fixed Bed Waste Tyre 
Gasification 
Figure 4.10 shows the effect of ER on syngas composition from the fixed bed waste tyre 
gasification process. From the graph, it can be deduced that as the ER increases from 0.18 to 0.38, 
the concentration of H2 and CO reduced from 25.5% to 16.5% and 29.4% to 28% respectively 
while concentration of the other gasification products increased; CO2 from 0.8% to 1% and N2 
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from 41.8% to 55.9% respectively which a similar trend was also observed by Zang et al. (2019) 
[37]. This is due to the fact that an increase in ER leads to an increase in the air reacting with the 
waste tyre sample which causes an increase in N2 and production of more CO2 based on a possible 
shift from gasification mode to a combustion mode. 
 
 
Figure 4.10: Effect of ER on syngas composition in the fixed bed gasifier 
 
4.3.1.2 Effect of Equivalence Ratio (ER) on Gas Yield and Gas LHV from Fixed Bed Waste 
Tyre Gasification 
The effect of ER on gas yield and gas heating value from fixed bed waste tyre gasification was 
evaluated. An increase in the ER from 0.18 to 0.38 causes the gas yield to increase from 3.36 
Nm3/kg to 5.75 Nm3/kg while the LHV of the gas decreases from 7.65 MJ/Nm3 to 5.31 MJ/Nm3. 
This implies that the more air is supplied into the reactor, the more the gas yield and the less the 
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heating value of the syngas and this can be shown in Figure 4.11. A similar trend in the gas yield 
and gas LHV was also observed by Zang et al. (2019) [37]. 
 
 
Figure 4.11: Effect of ER on gas yield and gas LHV in the fixed bed gasifier 
 
4.3.1.3 Effect of Equivalence Ratio (ER) on Carbon Conversion Ratio (CCR), Cold Gas 
Efficiency (CGE) and Char Efficiency from Fixed Bed Waste Tyre Gasification 
The effect of ER on the carbon conversion and efficiencies from the fixed bed waste tyre 
gasification was evaluated and illustrated in Figure 4.12. From the result obtained, it can be 
deduced that as the ER increases, more carbon was converted as a result of increase in combustion 
rate. At ER value of 0.18, 76.6% of the carbon in the feedstock (waste tyre) was converted into 
gaseous products while at ER of 0.38, all the carbon was converted. Similarly, as ER increases 
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from 0.18 to 0.38, the CGE of the gas increases from 72% to 85.5% which implies the higher the 
ER the higher the efficiency of the gasification process. The char efficiency is a function of the 
gasifier temperature hence, an increase in the ER has insignificant increase in char conversion just 
as observed by Zang et al. (2019) [37]. As ER increases of 0.18 to 0.34, a constant value of 38.3% 
was observed while at 0.38, there was no char produced. 
 
Figure 4.12: Effect of ER on CCR, CGE and char Efficiency in the fixed bed gasifier 
 
4.3.1.4 Effect of Equivalence Ratio (ER) on Activated Carbon (AC) produced from Fixed 
Bed Waste Tyre Gasification 
The char obtained from the fixed bed waste tyre gasification process was activated in the presence 
of steam and pure nitrogen gas. As earlier observed that an increase in ER from 0.18 to 0.34 led to 
a reduction in solid char produced at the end of the gasification stage which indirectly led to a 
reduction in AC produced from 3.83 kg to 0.68 kg. The BET surface area of the AC also increased 
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from 112.97 m2/g to 432.5.51 m2/g as the ER increases from 0.18 to 0.34. At very high ER values 
(> 0.34), all the carbon in the fixed bed waste tyre gasification process were completely converted 
into syngas hence, there was no solid char left for activation. Table 4.4 presents the summary of 
the results obtained from char activation as well as the BET surface area computed for the fixed 
bed waste tyre gasification. 
 
Table 4.4: Effect of ER on AC formation from fixed bed waste tyre gasification 
ER Feed              
(kg) 
Char            
(kg) 
AC                
(kg) 




% Increase in BET 
Surface area   
0.18 20 7.608 3.829 - 112.97 - 
0.22 20 6.043 3.041 20.58% 142.24 25.91% 
0.26 20 4.478 2.254 25.88% 191.89 34.91% 
0.3 20 2.912 1.466 34.96% 295.02 53.74% 
0.34 20 1.347 0.678 53.75% 432.51 46.60% 
0.38 20 0 0 100% 0 - 
 
 
4.3.2 Effect of Steam-to-fuel Ratio (SFR) on Fixed Bed Waste Tyre Gasification 
A total of four (4) simulation experiments were carried out at ER value of 0.3 and optimum gasifier 
temperature of 800 oC as observed by Zang et al. (2019) [37] to evaluate the effect of steam-to-
fuel ratio. The SFR was varied from 0.1 to 0.25 for the fixed bed waste tyre gasification process. 
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4.3.2.1 Effect of Steam-to-fuel Ratio (SFR) on Syngas Composition from Fixed Bed Waste 
Tyre Gasification 
The effect of SFR on the fixed bed waste tyre gasification syngas composition was evaluated and 
illustrated in Figure 4.13. As the SFR increases, the percentage composition of CO and H2 exhibits 
a trend that slowly increases from 28.6% to 29.6% and 19.4% to 22.1% respectively. This can be 
explained the steam reactions (Cs + H2Og⟶ COg + H2g and CH4g + H2Og⟶ COg + 3H2g) 
which produces more CO and H2 because of increase in the amount of steam. Changes in CH4, and 
CO2 concentration is very small with higher values of SFR. The N2 composition shows a decrease 
from 50.8% to 47.5% with increasing SFR as there was only a fixed amount of air supplied into 
the reactor.  
 
 
Figure 4.13: Effect of SFR on syngas composition in the fixed bed gasifier 
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4.3.2.2 Effect of Steam-to-fuel Ratio (SFR) on Gas Yield and Gas LHV from Fixed Bed Waste 
Tyre Gasification 
The effect of SFR on gas yield and gas LHV from fixed bed waste tyre gasification was evaluated 
and illustrated in Figure 4.14. From the result, it can be deduced that an increase in the SFR from 
0.10 to 0.25 caused the gas yield to increase slightly from 4.79 Nm3/kg to 4.92 Nm3/kg and the 
LHV of the gas to increase from 6.04 MJ/Nm3 to 6.25 MJ/Nm3. This implies that the change in 
the steam content for fixed bed waste tyre gasification does not have significant impact on the 
syngas yield and heating value. 
 
 




4.3.2.3 Effect of Steam-to-fuel Ratio (SFR) on Carbon Conversion Ratio (CCR), Cold Gas 
Efficiency (CGE) and Char Efficiency from Fixed Bed Waste Tyre Gasification 
The effect of SFR on the carbon conversion, cold gas efficiency and char efficiency from the fixed 
bed waste tyre gasification was evaluated and illustrated in Figure 4.15. As the SFR increases more 
carbon was converted as a result of increase in combustion rate. At a SFR of 0.10, about 89.7% of 
the carbon in the feedstock was converted into gaseous products while at high SFR of 0.25, 96.8% 
of the carbon have been converted which implies the higher the SFR, the more the steam reacts 
with char and hence the more syngas is being produced. Similarly, as SFR increases from 0.10 to 
0.25, the CGE of the gas increases from 81.1% to 85.9% which implies the higher the SFR the 
higher the efficiency of the gasification process. For char efficiency, an increase in the SFR has 
minimal increment in the efficiency of the char. 
 
 




4.3.2.4 Effect of Steam-to-fuel Ratio (SFR) on Activated Carbon (AC) produced from Fixed 
Bed Waste Tyre Gasification 
Table 4.5 presents the summary of the results obtained from the effect of SFR on AC obtained 
from char gasification as well as the BET surface area of the AC from the fixed bed waste tyre 
gasification simulation process. From the results, it can be observed that an increase in SFR lead 
to a reduction in solid char produced at the end of the gasification stage which indirectly leads to 
a slight reduction in AC produced from 1.47 kg to 0.53 kg as SFR rises from 0.1 to 0.25.  The BET 
surface area of the AC also increases from 295.02 m2/g to 822.25 m2/g as the SFR increases. 
Therefore, as SFR increases the BET surface area of the AC produced increases as well. 
 
Table 4.5: Effect of SFR on AC formation from fixed bed waste tyre gasification 
SFR Feed             
(kg) 
Char             
(kg) 






% Increase in 
BET Surface area   
0.1 20 2.9123 1.466 - 295.02 - 
0.15 20 2.2457 1.295 11.66% 334.04 13.23% 
0.20 20 1.579 0.959 25.95% 451.02 35.02% 
0.25 20 0.9123 0.526 45.15% 822.25 82.31% 
 
 
4.3.3 Effect of Gasifier Temperature (GT) on Fixed Bed Waste Tyre Gasification 
A total of four (4) simulation experiments were also carried out to evaluate the effect of gasifier 
temperature on fixed bed gasification process. GT values from 700 oC - 1000 oC were employed 




4.3.3.1 Effect of Gasifier Temperature (GT) on Syngas Composition from Fixed Bed Waste 
Tyre Gasification 
The effect of GT on the fixed bed waste tyre gasification syngas composition was evaluated and 
illustrated in Figure 4.16.  It can be observed that as the GT increases, there is no significant change 
in syngas composition in the fixed bed gasifier. This shows that temperatures above optimum 
gasifier temperature does not play a substantial role in the composition of syngas produced from 
fixed bed waste tyre gasification just as observed in the fluidized bed reactor. This similar pattern 
was also observed by Xiao et al. (2008) [19] at GT above 700 oC for all syngas composition 
 
 




4.3.3.2 Effect of Gasifier Temperature (GT) on Gas Yield and Gas LHV from Fixed Bed 
Waste Tyre Gasification 
The effect of GT on gas yield and gas LHV from fixed bed waste tyre gasification was evaluated 
as shown in the Figure 4.17. An increase in the GT from 700 oC to 1000 oC has a negligible effect 
on the gas yield and the LHV of the gas. This implies that an increment in the GT from the optimum 
temperature has no significant effect on fixed bed waste tyre gasification.  
 
 




4.3.3.3 Effect of Gasifier Temperature (GT) on Carbon Conversion Ratio (CCR), Cold Gas 
Efficiency (CGE) and Char Efficiency from Fixed Bed Waste Tyre Gasification 
The effect of GT on the carbon conversion, cold gas efficiency and char efficiency from the fixed 
bed waste tyre gasification was also evaluated. From the obtained results, it can be deduced that 
as the GT increases there was very minimal conversion of waste tyre to char. At GT of 700 oC, 
about 91% of the carbon in the feedstock was converted into gaseous products and as GT increases 
it has a very minimal effect on CCR at constant ER and SFR. Similarly, as GT increases from 700 
oC to 1000 oC, there was no significant effect on CGE of the fixed bed waste tyre gasification. GT 
plays a huge role in char efficiency unlike the ER and SFR with very minimal effect, an increase 
in the GT from 700 oC to 1000 oC causes an increase in the efficiency of the char from 30.8% to 
55.6% as observed in Figure 4.18. 
 
 
Figure 4.18: Effect of GT on CCR, CGE and char efficiency in the fixed bed gasifier 
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4.3.3.4 Effect of Gasifier Temperature (GT) on Activated Carbon (AC) produced from Fixed 
Bed Waste Tyre Gasification 
Table 4.6 presents the summary of the results obtained from the effect of GT on AC obtained from 
char gasification as well as the BET surface area from the fixed bed waste tyre gasification 
simulation process. From the results it can be observed that an increment in GT has a negligible 
effect on solid char produced at the end of the gasification stage which also leads to a negligible 
effect in AC produced as GT increases from 700 oC to 1000 oC. The BET surface area of the AC 
slightly recorded has a negligible increment as the GT rises. 
Table 4.6: Effect of GT on AC formation from fixed bed waste tyre gasification 
GT Feed             
(kg) 
Char              
(kg) 






% Increase in 
BET Surface area   
700 20 2.9127 1.4664 - 294.95 - 
800 20 2.9123 1.4661 0.021 295.02 0.024 
900 20 2.9122 1.4659 0.014 295.05 0.010 




4.4 Rotary Kiln Waste Tyre Gasification 
The rotary kiln waste tyre gasification process was simulated under different gasification 
conditions (ER, SFR and GT) and the effect of these parameters on syngas composition, gas yield, 




4.4.1 Effect of Equivalence Ratio (ER) on Rotary kiln Waste Tyre Gasification 
In a similar manner with the fluidized bed and fixed bed waste tyre gasification simulation process, 
a total of six (6) simulation experiments each representing the ER value from 0.18 to 0.38 were 
carried out at an optimum temperature of 800 oC, SFR of 0.1 as observed by the model test 
experiment carried out by Zang et al. (2019) [37] to check the effect of ER on rotary kiln waste 
tyre gasification.  
4.4.1.1 Effect of Equivalence Ratio (ER) on Syngas Composition from Rotary kiln Waste 
Tyre Gasification 
The effect of ER on syngas composition from the rotary kiln waste tyre gasification process was 
evaluated and illustrated in Figure 4.19. From the obtained result, it can be deduced that as the ER 
increases from 0.18 to 0.38, the concentration of H2 and CO reduces from 24.4% to 16.1% and 
27.9% to 26.3% respectively and this same trend was observed by Sanchez et al. [141]. The 
concentration of the other gasification products increased; CO2 from 0.21% to 3.8% and N2 from 
42.4% to 55.7% respectively. This is because an increase in ER leads to an increase in the air 
reacting with the waste tyre sample which causes an increase in N2 and production of more CO2. 





Figure 4.19: Effect of ER on syngas composition in the rotary kiln gasifier 
 
4.4.1.2 Effect of Equivalence Ratio (ER) on Gas Yield and Gas LHV from Rotary kiln Waste 
Tyre Gasification 
The effect of ER on gas yield and gas heating value from rotary kiln waste tyre gasification was 
evaluated and illustrated in Figure 4.20. An increase in the ER from 0.18 to 0.38 causes the gas 
yield to increase from 3.35 Nm3/kg to 5.74 Nm3/kg while the LHV of the gas decreases from 7.52 
MJ/Nm3 to 5.18 MJ/Nm3. This indicates that when more air is supplied into the rotary kiln reactor, 





Figure 4.20: Effect of ER on gas yield and gas LHV in the rotary kiln gasifier 
 
4.4.1.3 Effect of Equivalence Ratio (ER) on Carbon Conversion Ratio (CCR), Cold Gas 
Efficiency (CGE) and Char Efficiency from Rotary Kiln Waste Tyre Gasification 
The effect of ER on the carbon conversion, cold gas efficiency and char efficiency of the rotary 
kiln waste tyre gasification was evaluated and illustrated in Figure 4.21. It can be deduced that as 
the ER increases, more carbon was converted as a result of an increase in combustion rate. At ER 
value of 0.18, 75% of the carbon in the feedstock was converted into gaseous products while at 
ER of 0.38, a 98% carbon conversion was observed. Similarly, as ER increases from 0.18 to 0.38, 
the CGE of the gas increases from 70.5% to 83.2% which implies the higher the ER the higher the 
efficiency of the gasification process. For char efficiency, an increase in the ER has minimal 





Figure 4.21: Effect of ER on CCR, CGE and char efficiency in the fixed bed gasifier 
 
4.4.1.4 Effect of Equivalence Ratio (ER) on Activated Carbon (AC) produced from Rotary 
kiln Waste Tyre Gasification 
The char obtained from the rotary kiln waste tyre gasification process was activated in the presence 
of steam and pure nitrogen gas. Table 4.7 presents the summary of the results obtained from char 
activation as well as the BET surface area computed for the rotary kiln waste tyre gasification. As 
earlier observed that an increment in ER implies more air is being introduced into the reactor and 
this will lead to an increase in the combustion rate of the char. Therefore, a reduction in the solid 
char produced at the end of the gasification stage will indirectly lead to a reduction in AC produced 
from 4.08 kg to 0.34 kg. The BET surface area of the AC is inversely proportional to the quantity 
of the AC produced. As ER increases from 0.18 to 0.38, the BET surface area increases from 
148.62 m2/g to 605.83 m2/g. Rotary kilns are designed to operate at very high temperature. This is 
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the reason why the char reaction is slower than that of the fluidized and fixed bed gasifiers at high 
ER values which accounted for the AC production at 0.38. 
 
Table 4.7: Effect of ER on AC formation from rotary kiln waste tyre gasification 
ER Feed                
(kg) 
Char           
(kg) 






% Increase in BET 
Surface area 
0.18 20 8.098 4.076 - 148.62 - 
0.22 20 6.619 3.332 18.25% 181.84 22.35% 
0.26 20 5.135 2.585 22.42% 234.39 28.90% 
0.3 20 3.647 1.836 28.98% 329.97 40.78% 
0.34 20 2.158 1.086 40.85% 557.77 69.04% 
0.38 20 0.666 0.335 69.15% 605.83 8.62% 
 
4.4.2 Effect of Steam-to-fuel Ratio (SFR) on Rotary kiln Waste Tyre Gasification 
A total of four (4) simulation experiments were also carried out at ER value of 0.3 and optimum 
gasifier temperature of 800 oC as observed by Zang et al. (2019) [37] to evaluated the effect of 





4.4.2.1 Effect of Steam-to-fuel Ratio (SFR) on Syngas Composition from Rotary kiln Waste 
Tyre Gasification 
The effect of SFR on syngas composition from the rotary kiln waste tyre gasification process was 
evaluated and illustrated in Figure 4.22.  As the SFR increases, the percentage composition of H2 
and CO exhibits a trend that slowly increases from 18.6% to 21.2% and 26.9% to 27.6% 
respectively and a similar trend was observed by Donatelli et al. (2010) [47]. This can be explained 
the steam reactions (Cs + H2Og⟶ COg + H2g and CH4g + H2Og⟶ COg + 3H2g) which 
produces more CO and H2 because of increase in the amount of steam. Changes in CH4, C2Hn, and 
CO2 concentration is very small with higher values of SFR. The N2 composition decreased from 
51.5% to 48.5% with increasing SFR as there is only a fixed amount of air supplied into the reactor.  
 




4.4.2.2 Effect of Steam-to-fuel Ratio (SFR) on Gas Yield and Gas LHV from Rotary kiln 
Waste Tyre Gasification 
The effect of SFR on gas yield and gas LHV from rotary kiln waste tyre gasification was evaluated 
as illustrated in Figure 5.23. An increase in the SFR from 0.10 to 0.25 causes the gas yield to 
increase slightly from 4.78 Nm3/kg to 4.91 Nm3/kg and the LHV of the gas to increase from 5.89 
MJ/Nm3 to 6.05 MJ/Nm3. This implies that the change in the steam content for rotary kiln waste 
tyre gasification does not have significant impact on the syngas yield and heating value. 
 
 




4.4.2.3 Effect of Steam-to-fuel Ratio (SFR) on Carbon Conversion Ratio (CCR), Cold Gas 
Efficiency (CGE) and Char Efficiency from Rotary kiln Waste Tyre Gasification 
The effect of SFR on the carbon conversion, cold gas efficiency and char efficiency on the rotary 
kiln waste tyre gasification was evaluated and presented in Figure 4.24. As the SFR increases more 
carbon was converted as a result of increase in combustion rate. At a SFR of 0.10, about 88.8% of 
the carbon in the feedstock was converted into gaseous products while at high SFR of 0.25, 94.4% 
of the carbon have been converted. This implies that the higher the SFR, the more steam reacts 
with char hence, the more syngas is being produced. Similarly, as SFR increases from 0.10 to 0.25, 
the CGE of the gas increases from 78.9% to 83.1% which implies the higher the SFR the higher 
the efficiency of the gasification process. For char efficiency, an increase in the SFR has minimal 
increment in the efficiency of the char. 
 




4.4.2.4 Effect of Steam-to-fuel Ratio (SFR) on Activated Carbon (AC) produced from Rotary 
kiln Waste Tyre Gasification 
Table 4.8 presents the summary of the results obtained from the effect of SFR on AC obtained 
from char gasification as well as the BET surface area of the AC from the rotary kiln waste tyre 
gasification simulation process. From the results, it can be observed that an increment in SFR will 
lead to a reduction in solid char produced at the end of the gasification stage which indirectly leads 
to a slight reduction in AC produced as SFR rises.  The BET surface area of the AC also increases 
from 330.07 m2/g to 664.94 m2/g as the SFR increases. 
 
Table 4.8: Effect of SFR on AC formation from rotary kiln waste tyre gasification 
SFR Feed             
(kg) 
Char             
(kg) 






% Increase in 
BET Surface area 
0.1 20 3.6473 1.836 - 330.07 - 
0.15 20 3.0343 1.528 16.78% 396.63 20.17% 
0.20 20 2.4219 1.219 20.22% 496.92 25.29% 
0.25 20 1.8099 0.911 25.27% 664.94 33.81% 
 
 
4.4.3 Effect of Gasifier Temperature (GT) on Rotary kiln Waste Tyre Gasification 
A total of four (4) simulation experiments were also conducted to evaluate the effect of gasifier 
temperature on rotary kiln waste tyre gasification process. GT values from 700 oC to 1000 oC were 




4.4.3.1 Effect of Gasifier Temperature (GT) on Syngas Composition from Rotary kiln Waste 
Tyre Gasification 
The effect of GT on the rotary kiln waste tyre gasification syngas composition was evaluated and 
illustrated in Figure 4.25.  Unlike the fluidized bed and fixed bed gasifiers, the GT has a significant 
effect on the rotary kiln waste tyre gasification process, and this is simply because of the mode of 
operation of rotary kiln gasifiers. As the GT increases, the percentage composition of CO and H2 
exhibits a trend that increases from 21.8% to 28.6% and 17.1% to 19.3% respectively which is 
similar to that observed by Portofino et al. (2013) [48] with the exception that they recorded a 
higher H2 composition. In addition, there is a slow reduction in CH4 and N2 and drastic reduction 
in the CO2 composition as GT rises in this study. 
 
 




4.4.3.2 Effect of Gasifier Temperature (GT) on Gas Yield and Gas LHV from Rotary kiln 
Waste Tyre Gasification 
The effect of GT on gas yield and gas LHV from rotary kiln waste tyre gasification was evaluated 
and illustrated in Figure 4.26. With an increase in the GT from 700 oC to 1000 oC, there was a 
slight reduction in the gas yield from 4.88 Nm3/kg to 4.68 Nm3/kg and an increment in the gas 
LHV from 5.41 MJ/Nm3 to 6.05 MJ/Nm3. This implies that the GT of a rotary kiln gasifier has 
more effect on the heating value of syngas and a minimal effect on its yield.  
 
 




4.4.3.3 Effect of Gasifier Temperature (GT) on Carbon Conversion Ratio (CCR), Cold Gas 
Efficiency (CGE) and Char Efficiency from Rotary Waste Tyre Gasification 
The effect of GT on the carbon conversion, cold gas efficiency and char efficiency of the rotary 
kiln waste tyre gasification was also evaluated. From the obtained result, it can be deduced that as 
the GT increases there was a slight conversion of carbon to char. At GT of 700 oC, about 83% of 
the carbon in the feedstock was converted into gaseous products and as GT increases the CCR rose 
to 82.8%. Similarly, as GT increases from 700 oC to 1000 oC, the CGE of the gas increases from 
73.9% to 79.5% which implies the higher the GT the higher the efficiency of the gasification 
process. GT plays a huge role in char efficiency unlike the ER and SFR with very minimal effect, 
an increase in the GT from 700 oC to 1000 oC causes an increase in the efficiency of the char from 
30.8% to 55.6% as observed in Figure 4.27. 
 
 
Figure 4.27: Effect of GT on CCR, CGE and char efficiency in the rotary kiln gasifier 
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4.4.3.4 Effect of Gasifier Temperature (GT) on Activated Carbon (AC) produced from 
Rotary kiln Waste Tyre Gasification 
Table 4.9 presents the summary of the results obtained from the effect of GT on AC obtained from 
char gasification as well as the BET surface area from the rotary kiln waste tyre gasification 
simulation process. From the results it can be observed that an increment in GT led to a reduction 
in solid char produced at the end of the gasification stage which indirectly led to a reduction in AC 
produced from 2.81 kg to1.49 kg as GT rises from 700 oC to 1000 oC. The BET surface area of the 
AC however increases from 215.40 m2/g to 405.92 m2/g as the GT increases. This implies that the 
higher the temperature of the rotary kiln reactor the higher the BET surface area of the AC. 
 
 
Table 4.9: Effect of GT on AC formation from rotary kiln waste tyre gasification 
GT Feed             
(kg) 
Char             
(kg) 






% Increase in 
BET Surface area 
700 20 5.5873 2.813 - 215.40 - 
800 20 3.6473 1.836 34.73% 330.07 53.24% 
900 20 3.0956 1.558 15.14% 388.77 17.78% 




4.5 Comparison of Waste Tyre gasification in Fluidized Bed, Fixed Bed and Rotary Kiln 
Reactors 
The gasification process simulation model results for the three reactor configurations (fluidized 
bed reactor, fixed bed reactor and rotary kiln reactor) were compared at gasification temperature 
of 800 oC, ER value of 0.3 and SFR of 0.1 based on their gas composition, product yield, product 
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efficiencies, carbon conversion ratios as well as the BET surface area of the AC produced from 
the char activation.  
4.5.1 Gas Composition 
Figure 4.28 shows the gas composition for the three reactor configurations and it can be observed 
that the fluidized bed reactor had the highest H2 composition and rotary kiln reactor had the lowest 
H2 composition. Fixed bed reactor had the highest CO composition and rotary kiln reactor had the 
lowest CO. The highest syngas composition (CO + H2) was observed in the fluidized bed with a 
total of 48.28% followed by the fixed bed with 47.97% and rotary kiln has 45.48% syngas 
composition in the gaseous product. Rotary kiln reactor had the highest CH4 composition and 
fluidized bed had the lowest CH4 composition. 
This research was not restricted to syngas production only but the best condition at which co-
production of all gaseous products and solid products (activated carbon) can be achieved. The 
optimal conditions for the co-production of both gaseous products and solid products were 





Figure 4.28:  Comparison of syngas composition from the three reactor configurations 
 
4.5.2 Product Yield and Efficiency 
Figure 4.29 shows the gasification gaseous product yield, gas low heating value, cold gas 
efficiency, char efficiency and carbon conversion ratio from the fluidized bed, fixed bed and rotary 
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Figure 4.29: Comparison of product yield from the three reactor configurations 
 
The highest gas yield was observed in the fixed bed reactor with 4.79 Nm3/kg, next is the rotary 
kiln reactor with 4.80 Nm3/kg while the fluidized bed recorded the lowest with 4.72 Nm3/kg. The 
fluidized bed reactor recorded the highest gas LHV of 6.08 MJ/Nm3 followed by the fixed bed 
reactor with 6.04 MJ/Nm3 while the rotary kiln has just 5.89 MJ/Nm3. For the CGE, the fixed bed 
reactor recorded the highest value with 81.1%, followed by the fluidized bed reactor with 80.3% 
and the rotary kiln reactor recorded the lowest with 78.9%. The efficiencies of the char produced 
after gasification from each reactor were also compare, the rotary kiln recorded the highest 
efficiency with 38.28% and closed followed by fixed bed with 38.27% while the fluidized bed 
recorded a value of 37.2%. The highest carbon conversion ratio value of the fluidized bed reactor 
was the highest with a value of 91.9%, next to it is the fixed bed with 91% and the lowest was 
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4.5.3 Activated Carbon and BET Surface Area 
This research was aimed at producing valuable activated carbon from the char left after the 
gasification process. Figures 4.30 and 4.31 illustrates the percentage AC/carbon in feedstock (tyre) 
ratio as well as the computed BET surface area respectively at 800 oC, ER of 0.3, SCR of 0.5 and 
nitrogen to char ratio of 0.25 for the three reactors at different SFR values.  
 
 
Figure 4.30: AC/Carbon in feedstock ratio plot at different SFR 
From Figure 4.30, at SFR of 0.1, the rotary kiln reactor recorded the highest AC to carbon in 
feedstock ratio of 11.2%, followed by the fixed bed reactor with 9% and fluidized bed reactor 
recorded the lowest AC to carbon in feedstock ratio with 7.5%. However, as SFR increases more 
carbon is being converted into syngas in all the reactors. At SFR of 0.25, the fluidized bed reactor 
reached a maximum carbon conversion during the gasification stage hence no carbon is left for the 
activation stage however, the rotary kiln and the fixed recorded a 5.6% and 3.2% AC to carbon in 




































Figure 4.31: BET surface area plot at different SFR 
 
The basic matrix for measuring the adsorption efficiency of the AC employed is the BET surface 
area. At SFR of 0.1, the fluidized bed reactor has the highest BET surface area of 632.65 m2/g 
while the fixed bed reactor has the lowest with 295.02 m2/g and rotary kiln reactor recorded a value 
of 329.97 m2/g. The BET surface area increases as SFR is increased for the three reactors, at SFR 
of 0.20, the highest value of 2336 m2/g were observed in the fluidized bed reactor. At SFR of 0.25, 
there was no carbon left in the fluidized bed reactor hence, there is no account for the BET surface 
area however, the fixed bed reactor and rotary kiln recorded their highest BET surface area values 
of 822.25 m2/g and 664.94 m2/g respectively and these are all illustrated in Figure 4.31.  
From the observation from the trend in AC to carbon in feedstock ratios and BET surface areas of 
the three gasifiers, they are a function of the steam reforming reaction which causes more carbon 














4.6 Model Validation 
The Aspen Plus® simulation experiment performed in this study was validated against the results 
obtained by Zang et al. (2019) [37] for the fluidized bed reactor and fixed bed reactor waste tyre 
gasification while the rotary kiln waste tyre gasification was validated against Molino et al. (2018) 
[35]. Figures 4.32 and 4.33 shows the validation plots observed from the fixed bed and fluidized 
bed waste tyre gasification processes of this work and Zang et al. (2019) [37]. For the model 
validation a gasification temperature of 800 oC, SFR of 0.1 and ER value of 0.3 were used. For 
this study a gas yield of 4.72 Nm3/kg and 4.78 Nm3/kg was obtained for fluidized bed reactor and 
fixed bed reactors respectively while the previous authors obtained 4.20 Nm3/kg and 3.85 Nm3/kg 
respectively in both gasifiers. The difference is as a result of the two-stage process employed in 
this research while in the Zang et al. (2019) [37] it was a single stage process with no activation 
of char for the production of activated carbon. The syngas produced from the steam activation 
process were mixed with those from the gasification output stream and this resulted to the 
production of more syngas in the final product stream. 
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The gas LHV obtained at this condition for this study is 6.08 MJ/Nm3 and 6.04 MJ/Nm3 while the 
authors recorded values of 5.85 MJ/Nm3 and 5.20 MJ/Nm3 for the fluidized bed reactor and fixed 
bed reactors respectively. Finally, the CCR at the end of the waste tyre gasification process was 
measured and compared. Zang et al. [37] reported a CCR of 78% and 69% while this study 
recorded a CCR of 82% and 77% for fluidized bed and fixed bed reactors respectively. The 




Figure 4.33: Fluidized bed and fixed bed gasifier model validation plot (Product Yield) 
 
In this study at this condition, 329 kg of activated carbon of surface area of 632.91 m2/g was 
produced in the fluidized bed reactor and 1.45 kg of activated carbon of surface area of 295.02 
m2/g in the fixed bed reactor. As earlier stated, the production of activated carbon was not reported 























production from waste tyre gasification. Figures 4.34 and 4.35 illustrates the model validation plots 
of the rotary kiln reactors from this study and that of Molino et al. (2018) [35]. Molino et al. (2018) 
[35] recorded 4.79% ratio of AC to feedstock carbon with BET surface area of 786 m2/g while in 
this study, 5.57% and ratio of AC to feedstock carbon with BET surface area of 664.94 m2/g. The 
difference is as a result of the approach and gasification conditions used. Molino et al. (2018) [35] 
employed a two-stage gasification and activation process while this study used a single stage 
gasification and activation process. Also, N2 and steam were used by Molino et al. (2018) [35] in 
both stages while this study uses air and steam in the gasification stage and then N2 and steam were 























































CONCLUSION AND RECOMMENDATION 
 
5.1 Introduction 
This chapter introduces the conclusion from the obtained results from waste tyre gasification 
simulation process and recommendations for future study.    
 
5.2 Conclusion 
This study investigated the co-production of gaseous product and value-added carbon product 
(activated carbon) from waste tyre gasification using a fluidized bed reactor, fixed bed reactor and 
rotary kiln reactor via Aspen Plus® simulation. The effects of equivalence ratio (ER), steam-to-
fuel ratio (SFR) and gasifier temperature (GT) on waste tyre gasification were studied.  Based on 
the obtained results from the waste tyre gasification processes, the following conclusions were 
drawn: 
▪ From the research hypothesis, changing the reactor configurations does have an effect on 
the syngas production and the formation of value-added carbon product from waste tyre 
gasification. From the obtained result, the fixed bed reactor is the most suitable reactor 
configuration for syngas production while the fluidized bed reactor is the most suitable for 
AC production. For co-production of syngas and activated carbon, fluidized bed reactor is 
the most suitable. The rotary kiln reactor however performed badly compared to the other 
reactors when subjected to the same condition.   
▪ The optimum conditions for the production of syngas and activated carbon for the three 
reactor configurations are; fluidized reactor  at ER value of 0.3, SFR value of 0.2 and GT 
value of 800 oC, fixed bed reactor at ER value of 0.3, SFR value of 0.25 and GT value of 
800 oC  rotary kiln reactor at ER value of 0.3, SFR value of 0.25 and GT of 800 oC. 
▪ ER and SFR have the most effect on the co-production of syngas and  activated carbon in 
all the three reactors while an increase in GT plays an insignificant  role in the co-
production of gaseous product and  activated carbon in all the reactors except in the rotary 
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kiln reactor where it was significant because generally, rotary kilns are designed to operate 
at very high temperatures. 
▪ Increasing ER has a positive effect on the cold gas efficiency and quality of the AC 
produced from the waste tyre gasification process from the three reactors however, it 
causes a reduction in the LHV of the syngas hence to achieve optimum co-production ER 
range of 0.26 to 0.34 are the best observed from the result.  
▪ Increasing SFR has a positive effect on the cold gas efficiency, quality of the AC, gas yield 
and gas LHV. The higher the SFR the higher the BET surface area of the AC produced, 
SFR of 0.1 to 0.20 are the best observed range from the obtained results in the fluidized 
bed reactor while the fixed bed and rotary kiln will still produce AC at higher values. 
 
5.3 Recommendation 
This study has proven the importance of temperature, air and steam mixture on the properties of 
syngas and AC produced from waste gasification. Nevertheless, in other to effectively maximize 
the gaseous and solid products from waste tyre gasification, the following future studies are 
recommended;  
▪ A detailed techno-economic study for the co-production of syngas and activated products 
from waste tyre gasification should be carried out in future study to determine the economic 
feasibility of the process 
▪ Modelling of the co-gasification of waste tyre and with biomass or coal for the co-
production of syngas and high-quality solid products could also be investigated  
▪ The modelling of the co-production of syngas and other carbon products such as carbon 
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Appendix A – Supplementary Tables 
Table A1: Air-to-fuel ratio computation 
 
Table A2: Reduction zone reaction calculations 
Equilibrium Constants (K) Reaction rates (r) A (1/s) E(kJ/mol) 



















































































Combustion Equation  
Fuel Combustion 
Stochiometric O(g) 
  (%wt) Mass(g) 
C+O2=CO2 C 81.74 0.8174 2.1797 
H2+0.5O2=H2O H 7.06 0.0706 0.5648 
  O 2.42 0.0242 -0.0242 
  N 0.3 0.003 -0.0030 
  S 1.82 0.0182 -0.0182 
Total   93.34 0.9334  
Total O2 required     2.6991 
Total Air Required     11.5843 
Air-to-Fuel (by mass)     12.4108 
ER 0.18 0.22 0.26 0.3 0.34 0.38 
Fluidized bed reactor actual 
air-to-fuel ratio (5400kg/hr) 12063 14744 17425 20106 22786 25467 
Fixed bed actual Air-to-Fuel  
(20kg/hr) 44.679 54.608 64.536 74.465 84.394 94.322 
RTRY Actual Air-to-Fuel 
(20kg/hr) 44.679 54.608 64.536 74.465 84.394 94.322 
133 
 
Table A3: Thermodynamic properties (𝑐?̅?(kJ/kmol–K), ℎ̅𝑓
0(MJ/kmol), and g̅f
0(MJ/kmol)) [186-188] 
 Product T (K) 298 973 1073 1173 1273 
  
𝐂𝐎𝟐 
c̅p 37.129 49.564   51.434 52.999 54.308 
h̅f
0 -393.522  -393.983  -394.188 -394.405 -394.623 
g̅f
0 -394.389 -395.398 -395.586 -395.748 -395.886 
  
𝐇𝟐 
c̅p 29.20 29.594  29.890  30.269 30.708 
h̅f
0 0 0 0 0 0 
g̅f
0 0 0 0 0 0 
  
𝐂𝐎 
c̅p 29.108 31.171  31.899  32.577 33.183 
h̅f
0 -110.527 -110.469  -110.905  -111.418 -111.983 
g̅f
0 -137.163 -173.518 -182.497 -191.416 -200.275 
  
𝐇𝟐𝐎 
c̅p 33.786  38.920 40.405  41.873 43.283 
h̅f
0 -245.371 -248.890  -249.581  -250.195 -250.737 
g̅f
0 -228.582 -208.814 -203.501 -198.091 -192.603 
  
𝐂𝐇𝟒 
c̅p 35.69 58.60  64.08  69.14 73.75 
h̅f
0 -74.51   -74.60 -74.83      -74.85    -75.10 
g̅f




Table A4: Effect of ER on the waste tyre gasification 
















FLUIDIZED BED             
0.18 40.88 0.558 0.758 28.059 30.071 0.357 1761.76 1174.11 177.41 3.424 7.198 69.02 36.92 71,02 
0.22 44.82 0.509 0.812 28.060 26.215 0.328 1339.19 892.50 233.39 3.740 6.748 70.67 37.02 77,97 
0.26 48.13 0.467 0.857 28.061 22.979 0.303 916.62 610.87 340.98 4.230 6.369 75.45 37.10 84,92 
0.3 50.94 0.432 0.894 28.062 20.225 0.264 494.03 329.24 632.65 4.720 6.078 79.80 37.18 91,88 
0.34 53.39 0.402 0.927 28.063 17.853 0.246 71.44 47.61 771.47 5.380 5.760 86.77 37.25 98,83 
0.38 56.92 0.383 0.954 26.434 15.274 0.236 0 0 0 5.637 5.256 83.07 0 100 
FIXED BED             
0.18 41.78 3.295 0.801 29.442 25.483 0 7.608 3.829 112.97 3.361 7.647 71.97 38.28 76.57 
0.22 45.24 2.363 0.853 29.041 22.996 0 6.043 3.041 142.24 3.838 6.994 75.17 38.28 81.39 
0.26 48.25 1.601 0.895 28.806 21.022 0 4.478 2.254 191.89 4.315 6.478 78.28 38.28 86.21 
0.3 50.79 0.959 0.931 28.609 19.360 0 2.912 1.466 295.02 4.793 6.044 81.11 38.28 91.02 
0.34 52.95 0.412 0.962 28.440 17.942 0 1.347 0.678 432.51 5.270 5.674 83.71 38.28 95.85 
0.38 54.93 5.64e-3 0.992 27.977 16.480 0 0 0 0 5.749 5.310 85.47 0 100 
ROTARY KILN             
0.18 42.41 3.831 0.761 27.856 24.371 0.029 8.098 4.076 148.62 3.346 7.518 70.45  38.28 75.06 
0.22 45.95 2.848 0.838 27.458 22.096 0.027 6.619 3.332 181.84 3.824 6.871 73.58 38.28 79.62 
0.26 48.97 2.041 0.903 27.132 20.209 0.025 5.135 2.585 234.39 4.302 6.337 76.34 38.28 84.19 
0.3 51.51 1.366 0.959 26.858 18.619 0.023 3.647 1.836 329.97 4.780 5.889 78.87 38.28 88.77 
0.34 53.67 0.793 1.007 26.625 17.261 0.022 2.158 1.086 557.77 5.259 5.508 81.10 38.28 93.36 









Table A5: Effect of SFR on the waste tyre gasification 
















FLUIDIZED BED             
0.10 50.94 0.433 0.894 28.06 20.22 0.264 493.83 329.11 632.91 4.720 6.079 80.34 37.18 91.88 
0.15 49.98 0.426 0.905 28.48 20.77 0.258 313.81 209.14 995.98 4.767 6.186 82.58 37.19 94.84 
0.20 49.05 0.420 0.912 28.90 21.30 0.253 133.79 89.17 2336.05 4.814 6.289 84.79 37.20 97.80 
0.25 48.33 0.412 0.928 29.08 21.76 0.248 0 0 0 4.853 6.357 86.39 0 100 
FIXED BED             
0.10 50.79 0.959 0.931 28.61 19.36 - 2.9123 1.466 295.02 4.793 6.102 81.11 38.28 91.02 
0.15 49.57 0.834 0.942 28.99 20.33 - 2.2457 1.295 334.04 4.826 6.151 83.12 38.28 92.07 
0.20 48.62 0.606 0.986 29.28 21.22 - 1.5790 0.959 451.02 4.876 6.203 84.69 38.28 94.13 
0.25 47.50 0.328 1.072 29.64 22.12 - 0.9123 0.526 822.25 4.915 6.245 85.93 38.28 96.78 
ROTARY KILN             
0.10 51.51 1.366 0.959 26.86 18.62 0.023 3.6473 1.836 330.07 4.783 5.889 78.87 38.28 88.77 
0.15 50.47 1.158 1.006 27.11 19.52 0.027 3.0343 1.528 396.63 4.823 5.944 80.26 38.28 90.65 
0.20 49.47 0.958 1.052 27.36 20.38 0.029 2.4219 1.219 496.92 4.865 5.996 81.69 38.28 92.54 












Table A6: Effect of GT on the waste tyre gasification 
















FLUIDIZED BED             
700 50.95 0.434 0.909 28.06 20.22 0.263 494.18 329.34 632.47 4.71984 6.078 80.34 30.10 91.87 
800 50.94 0.433 0.894 28.06 20.22 0.264 493.83 329.11 632.91 4.71984 6.079 80.34 37.18 91.88 
900 50.94 0.432 0.738 28.06 20.22 0.265 493.47 328.75 633.60 4.71983 6.079 80.35 44.93 91.89 
1000 50.94 0.432 0.646 28.06 20.22 0.266 493.00 328.56 633.97 4.71982 6.080 80.36 53.37 91.89 
FIXED BED             
700 50.79 0.960 0.981 28.61 19.36  2.9127 1.4664 294.95 4.7971 6.044 81.01 30.10 91.02 
800 50.79 0.959 0.931 28.61 19.36  2.9123 1.4661 295.02 4.7936 6.044 81.11 37.18 91.02 
900 50.78 0.959 0.743 28.61 19.36  2.9122 1.4659 295.05 4.7927 6.044 81.03 44.93 91.03 
1000 50.78 0.959 0.650 28.61 19.36  2.9121 1.4658 295.07 4.7925 6.044 81.00 53.37 91.03 
ROTARY KILN             
700 52.97 2.275 3.700 21.79 17.07 0.020 5.5873 2.813 215.40 4.879 5.408 73.88 30.76 82.78 
800 51.51 1.366 0.959 26.86 18.62 0.023 3.6473 1.836 330.07 4.783 5.889 78.87 38.28 88.76 
900 51.08 1.089 0.225 28.25 19.14 0.039 3.0956 1.558 388.77 4.774 6.021 79.48 46.55 90.46 







Appendix B – Supplementary Figures 
 
Figure B1: Fluidized bed BET plot 
 
 
Figure B2: Fixed bed BET plot 
































Figure B3: Rotary kiln BET plot 
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@ GT = 1000oC, ER = 0.30, SBR = 0.10
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